Eaters of the Dead: How Glial Cells Respond to and Engulf Degenerating Axons in the CNS: A Dissertation by Ziegenfuss, Jennifer S.
University of Massachusetts Medical School 
eScholarship@UMMS 
GSBS Dissertations and Theses Graduate School of Biomedical Sciences 
2012-06-11 
Eaters of the Dead: How Glial Cells Respond to and Engulf 
Degenerating Axons in the CNS: A Dissertation 
Jennifer S. Ziegenfuss 
University of Massachusetts Medical School 
Let us know how access to this document benefits you. 
Follow this and additional works at: https://escholarship.umassmed.edu/gsbs_diss 
 Part of the Cells Commons, Circulatory and Respiratory Physiology Commons, Hemic and Immune 
Systems Commons, Nervous System Commons, and the Neuroscience and Neurobiology Commons 
Repository Citation 
Ziegenfuss JS. (2012). Eaters of the Dead: How Glial Cells Respond to and Engulf Degenerating Axons in 
the CNS: A Dissertation. GSBS Dissertations and Theses. https://doi.org/10.13028/7wx4-q868. Retrieved 
from https://escholarship.umassmed.edu/gsbs_diss/608 
This material is brought to you by eScholarship@UMMS. It has been accepted for inclusion in GSBS Dissertations and 
Theses by an authorized administrator of eScholarship@UMMS. For more information, please contact 
Lisa.Palmer@umassmed.edu. 
  
Eaters of the Dead:  
How Glial Cells Respond to and Engulf Degenerating Axons in the CNS 
 
 
A Dissertation Presented 
By 
Jennifer Sophia Ziegenfuss 
 
Submitted to the Faculty of the  
University of Massachusetts Graduate School of Biomedical Sciences, Worcester 
in partial fulfillment of the requirements for the degree of 
 
 
DOCTOR OF PHILOSOPHY 
 
June 11th, 2012 
 
Program in Neuroscience 
 
 
 
 
 
 
 
 
 
 
ii 
 
Eaters of the Dead: 
How Glial Cells Respond to and Engulf Degenerating Axons in the CNS 
 
A Dissertation Presented 
By 
Jennifer Sophia Ziegenfuss 
The signatures of the Dissertation Defense Committee signify  
completion and approval as to style and content of the Dissertation 
 
_____________________________________________________ 
Marc Freeman, Ph.D., Thesis Advisor 
 
_____________________________________________________ 
Eric Baehrecke, Ph.D., Member of Committee 
 
_____________________________________________________ 
Claire Bénard, Ph.D., Member of Committee 
 
_____________________________________________________ 
Neal Silverman, Ph.D., Member of Committee 
 
_____________________________________________________ 
Beth Stevens, Ph.D., Member of Committee 
 
The signature of the Chair of the Committee signifies that the written dissertation 
meets the requirements of the Dissertation Committee 
 
_____________________________________________________ 
Mark Alkema, Ph.D., Chair of Committee 
 
The signature of the Dean of the Graduate School of Biomedical Sciences 
signifies that the student has met all graduation requirements of the school 
 
 
_____________________________________________________  
Anthony Carruthers, Ph.D., 
Dean of the Graduate School of Biomedical Sciences 
 
Program in Neuroscience 
June 11th, 2012 
iii 
 
This work is dedicated to my wonderful family and friends, for all their 
support, love and encouragement though all these years. 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
Acknowledgements 
First, I want to thank Marc Freeman, who has been a fantastic mentor, 
teacher, and inspiration throughout graduate school.  I don’t think I would have 
been the same person without absorbing as much of his life philosophy as 
possible and having him as a role model during my formative science years.  I’m 
reminded of one of the best lessons Marc has taught me: strive to be well-
rounded and successful in and out of school.  I’ve tried to take that to heart, and 
have been determined to fashion together a life composed of interesting science 
and hobbies, and I believe, in the end, it has made me a happier, healthier, and 
better person.  I really look forward to the day when I might be able to achieve 
Marc’s level of knowledge, creativity, personal skills, exuberance for life, passion 
for family, and career success that he has so expertly fostered.   
 I’d like to thank my TRAC committee, Mark Alkema, Eric Baehrecke, Neal 
Silverman, Claire Benard, and Leslie Berg for always having my best interests at 
heart, being supportive, and being extremely helpful in the latter post-doc-search 
era of graduate school life.  A big thank you goes to Tony Carruthers and Ken 
Knight and everyone from the Graduate School office for their guidance and 
helpful participation in the lives of the graduate students. Also, thank you 
Neurobiology Department…you’ve been like my second home for the past 7 
years.  I’ve been lucky to be part of a department with so many happy, friendly, 
supportive, and synergistic faculty, staff, and students.  Plus, not many 
departments can boast that they have a “7-11” in room 711. 
v 
 
Next, I want to thank everyone, past and present, in the Freeman lab.   
I’ve never come across a working environment that has been so spirited and 
passionate.  I have been constantly inspired by the passion exuded from the 
people around me to not only do the best science I can do, but also have fun 
while doing it.  The insightful discussions from lab meetings and in the “fly room” 
have been invaluable.  I’m thankful to experience science as a worthwhile pursuit 
rather a grueling thankless work.  Therefore, I really am proud to call myself a 
Freemanite.  I’d like to specifically thank the following Freemanites who have 
helped me one way or another:   
Mary Logan, who was always there to answer questions and be 
supportive.  When Marc wasn’t around, I knew I could always count on her for 
guidance.  Tobi, who through example, sets the bar high for experimental rigor, 
thoughtfulness, and attention to detail.   I’ve always felt I have to be on my “A 
game” around Tobi, and I hope that translates to a continued aim to always strive 
hard for scientific excellence.   Johnna, thank you for your help on my 
paper…and thank you for all those paper cutouts, hair comments, and stories 
that make me giggle.  Nicki and Lucas, thank you for your very helpful reading 
and edits of my paper.  Rachel, thank you so much for always being there willing 
to help; it really was wonderful for you to compile all the screen hits and notes 
into an easy-to-understand spreadsheet.  It made writing and making figures for 
my Appendix so much easier. Yuly and Ozge, (who have been my classmates 
and early members of the Freeman lab), I want to thank you guys for all your 
vi 
 
wonderful conversations, plain-speak, and support during the ups and downs of 
graduate school.  Kim, your skipping the shuttle service in order to take morning 
runs from the hotel to CSH conference seminars, coupled with triathlons, have 
inspired me to also go all out in my physical extracurricular activities.  Allie and 
Lukas, it’s really great to talk and hear the exuberance in your voice when you 
detail your science and life goals.  You both are full of unlimited energy, and it’s 
contagious.  Jen and Jeannette, your localvorism has rubbed off and I’m thankful 
to have learned a lot from you both about the local Worcester community, be it 
new restaurants, farmer’s markets, or special city events.   Edie, thank you so 
much for continuing my unfinished project when I leave the lab, and I hope it 
continues to turn out well and leads to many successes.  Tsai-Yi, I have a feeling 
you are the great observer, as your quiet observations usually turn into on-point 
hilarious comments at just the right time.  Matt, I’ve really enjoyed your good 
attitude and demeanor. I hope your good sense of self-awareness leads to 
successes in whatever life takes you.  I want to thank “the gated community” 
(Rachel, Nicki, and Amy) for keeping the lab a tight ship and well-oiled machine.  
The level of organizational detail may have seemed tedious, but I suspect that I 
will carry your workplace blueprint with me in all my endeavors, although the 
“tape thing” will always….stick with me.  And Tim, thank you for being down to 
earth and an amazing host/social coordinator for lab get-togethers.  I’m 
personally indebted to you and your cocktail party for bringing Brian and I 
together. 
vii 
 
Last but not least, I’d like to give a special thank you to my family.  I am so 
grateful to have a family that has always been 100% supportive with whatever I 
decided to pursue in life, including my decision to pursue biology, go to graduate 
school, and one day become a real scientist.  One of my best decisions besides 
following my love of science, was accepting a sushi dinner date from my now 
fiancée, Brian, who ever since sharing a spicy tuna roll has been my rock and 
one of my biggest cheerleaders.  Brian, I can’t thank you enough for your 
amazing companionship, all the things you do to mitigate stress (from delivering 
much needed snacks to the library or helping me edit many of my thesis 
sections), and sharing a passion for the outdoors and adventure. 
 
 
 
 
 
 
 
 
 
 
 
 
viii 
 
Abstract 
Glia, whose name derives from the original Greek word, meaning “glue,” 
have long been understood to be cells that play an important functional role in 
the nutritive and structural support of the central nervous system, yet their full 
involvement has been historically undervalued.  Despite the strong evidence that 
glial reactions to cellular debris govern the health of the nervous system, the 
specific properties of damaged axonal debris and the mechanisms by which glia 
sense them, morphologically adapt to their presence, and initiate phagocytosis 
for clearance, have remained poorly understood.  The work presented in this 
thesis was aimed at addressing this fundamental gap in our understanding of the 
role for glia in neurodegenerative processes.   
I demonstrate that the cellular machinery responsible for the phagocytosis 
of apoptotic cell corpses is well conserved from worms to mammals. Draper is a 
key component of the glial response machinery and I am able to show here, for 
the first time, that it signals through Drosophila Shark, a non-receptor tyrosine 
kinase similar to mammalian Syk and Zap-70.  Shark binds Draper through an 
immunoreceptor tyrosine-based activation motif (ITAM) in the Draper intracellular 
domain. I show that Shark activity is essential for Draper-mediated signaling 
events in vivo, including the recruitment of glial membranes to axons undergoing 
Wallerian degeneration.  I further show that the Src family kinase (SFK) Src42A 
can markedly increase Draper phosphorylation and is essential for glial 
phagocytic activity. Therefore I propose that ligand-dependent Draper receptor 
ix 
 
activation initiates the Src42A-dependent tyrosine phosphorylation of Draper, the 
association of Shark and the subsequent downstream activation of the Draper 
pathway. I observed that these Draper-Src42A-Shark interactions are strikingly 
similar to mammalian immunoreceptor-SFK-Syk signaling events in myeloid and 
lymphoid cells. Thus, Draper appears to be an ancient immunoreceptor with an 
extracellular domain tuned to modified-self antigens and an intracellular domain 
that promotes phagocytosis through an ITAM domain-SFK-Syk-mediated 
signaling cascade. 
I have further identified the Drosophila guanine-nucleotide exchange 
factor (GEF) complex Crk/Mbc/dCed-12, and the small GTPase Rac1 as novel 
modulators of glial clearance of axonal debris.  I am able to demonstrate that 
Crk/Mbc/dCed-12 and Rac1 function in a non-redundant fashion with the Draper 
pathway to promote a distinct step in the clearance of axonal debris.  Whereas 
Draper signaling is required early during glial responses, promoting glial 
activation and extension of glial membranes to degenerating axons, the 
Crk/Mbc/dCed-12 complex functions at later stages of glial response, promoting 
the actual phagocytosis of axonal debris.   
Finally, many interesting mutants have been identified in primary screens 
for genes active in neurons that are required for axon fragmentation or clearance 
by glia, and genes potentially active in glia that orchestrate clearance of 
fragmented axons. The further characterization of these genes will likely unlock 
the mystery surrounding “eat me” and “find me” cues hypothesized to be 
x 
 
released or exposed by neurons undergoing degeneration. Illuminating these 
important glial pathways could lead to a novel therapeutic approach to brain 
trauma or other neurodegenerative conditions by providing a druggable means of 
inducing early attenuation of the glial response to injury down to levels less 
damaging to the brain.   
Taken together, my combined work identifies new components of the glial 
engulfment machinery and shows that glial activation, phagocytosis of axonal 
debris, and the termination of glial responses to injury are genetically separable 
events mediated by distinct signaling pathways.  
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What are Glia? 
Glial cells, also referred to as neuroglia, are non-neuronal cells that 
maintain brain homeostasis and are essential in the development and function of 
the nervous system.  As the Greek name implies, glia for over a century were 
simply known as the “glue” that holds the nervous system together, and were not 
considered to have an active role in the brain. Rather, they were only thought to 
be the passive bystanders of neural function and transmission. However, this is 
far from accurate, as increasing evidence has confirmed that glia are highly 
complex cells and are, in fact, critical regulators of the development, 
maintenance, plasticity, and health of the nervous system.  For example, glia 
exert significant control over the developing brain by promoting axonal growth, 
fasciculation, and synapse development, as well as neurotransmitter uptake from 
excitatory synapses (Allen and Barres, 2005; Beart and O'Shea, 2007; Chotard 
and Salecker, 2004; Edenfeld et al., 2005; Freeman and Doherty, 2006; Stevens, 
2008).  Glia are also important in regulating the function of the mature central 
nervous system (CNS). For example, glia modulate synaptic signaling by 
releasing ‘gliotransmitters’ (Halassa et al., 2007), and provide trophic factors, 
amino acids, and energy sources important for the survival and differentiation of 
neurons (Kahlert and Reiser, 2004; Magistretti, 2006). Additionally, many 
beneficial effects of glia are mediated through their immune-like functions.  Glia 
function as the primary immune cell in the nervous system, facilitating the rapid 
3 
 
response to, and destruction of pathogens and harmful neural debris resulting 
from cell death or damage (Napoli and Neumann, 2009; Neumann et al., 2009). 
Eaters of the Dead 
In all animals, phagocytes are responsible for removing foreign matter and 
unwanted cells through engulfment, an essential process where dead cells or 
debris are recognized, internalized, and destroyed.  The most commonly known 
phagocytes are macrophages, which are present in every tissue of the body, 
surveying the health of various tissues and organs, and removing pathogens and 
cells that are either dying or damaged (Cuttell et al., 2008; Krysko et al., 2006a; 
Krysko et al., 2006b; Stuart and Ezekowitz, 2005). However, these bone marrow-
derived professional phagocytes are excluded from the healthy CNS (Galea et 
al., 2007). Instead, glial cells in many different animal species take on the role of 
phagocytosing dead cells, defending the brain from invading pathogens, and 
maintaining tissue homeostasis (Awasaki and Ito, 2004; Block et al., 2004; 
Gomez et al., 2004; Kaur et al., 2004; Koenigsknecht and Landreth, 2004; 
Laporte et al., 2004; MacDonald et al., 2006; Sonnenfeld and Jacobs, 1995b; 
Watts et al., 2004). 
Glial phagocytosis also plays a very important role in sculpting the 
nervous system during development.  During embryonic development of the 
mammalian brain, neurons are initially generated in very large numbers and form 
excessive connections, but synapse and neuron number will ultimately decrease 
over developmental time, commonly as a result of programmed cell death 
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(Freeman, 2006).  Further support for the role of glia in the clearance of dying 
neurons is found in the association of activated microglia with caspase-3 
activated purkinje cells.  These cells are initially produced in excess within the 
cerebellum during early development, but after the initiation of apoptosis, 
microglia are recruited to and engulf purkinje cell corpses.  This property of 
microglia is essential for the final reduction and fine-tuning of the number of 
functional purkinje cells in the mature cerebellum (Marin-Teva et al., 2004).  
Glial cells help to remodel and refine neural circuits by engulfing pruned 
axons, dendrites, and synapses which have over projected and excessively 
innervated their intended targets during development (Bishop et al., 2004; Watts 
et al., 2004).  Synapse and neuron number ultimately decreases as a result of 
programmed cell death and phagocytic clearance by glia as development 
progresses.  In the adult, a typical neuromuscular junction (NMJ) is innervated by 
an axon from a single motor neuron.  However, during development, a single 
junction is innervated by axons originating from two or more motor neurons.  
Competition between the multiple synaptic inputs results in progressive changes 
in synaptic structure with the “weakest” axon retracting its terminal and the 
branch that gives rise to it (Luo and O'Leary, 2005; Walsh and Lichtman, 2003).  
The small, organelle-rich, membrane bound vesicular debris resulting from axon 
retraction and degeneration are termed “axosomes”, and ensheathing Schwann 
cell processes have been shown to invade the retracting axon, potentially playing 
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a role in axosome fragmentation and eventual engulfment of these fragments 
(Bishop et al., 2004).                             
Besides the NMJ in the peripheral nervous system (PNS), significant 
pruning occurs throughout the CNS.  In mammals, the two monocular inputs of 
the eyes initially overlap, but gradually segregate from one another into eye-
specific domains by selectively pruning overlapping parts of the axonal arbors 
(Chen and Regehr, 2000; Huberman et al., 2008; Jaubert-Miazza et al., 2005). 
Once neuronal pruning occurs, glia are responsible for the clearance of axonal 
debris.  For example, it is thought that C3 (a complement element) covers retinal 
ganglion cell synapses that are destined to be cleared from the CNS, thereby 
activating C3 receptors on microglia leading to phagocytosis (Schafer and 
Stevens, 2010; Stevens et al., 2007).  Engulfment has also been documented in 
other brain regions, including the hippocampus, where the presence of pre- and 
post-synaptic material was found within vesicles of microglial processes. 
Knockout of the microglial CX3CR1 fractalkine receptor in mice resulted in fewer 
microglia, an accumulation of unengulfed synaptic puncta, and a persistence of 
dense pyramidal neuron dendritic spines (Paolicelli et al., 2011).  
Taken together, glial phagocytosis is responsible for the clearance of a 
wide array of CNS engulfment targets and is essential during development.  
Through this activity, glia help to sculpt the morphology and connectivity of 
developing neural circuits, and prevent dead or dying neuronal material from 
accumulating in the newly forming nervous system. Non-engulfed apoptotic cells 
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typically release cytotoxic contents or immunogenic molecules into the 
extracellular environment, which can result in collateral damage to adjacent 
tissue (Savill et al., 2002). Therefore, ineffective removal of neuronal debris might 
either stunt or damage growing healthy neurons or induce inflammatory immune 
responses that can potentially contribute to neuronal death.  
Glia: Friend or Foe? 
Beyond developmental processes, neuron-glia communication plays a 
critical role in diffuse CNS responses to various forms of stress.  Glia isolate the 
brain from the rest of the body, making it an immune privileged area, and are 
responsible for detecting and reacting to signs of neuronal death, damage, or 
infection (Freeman and Doherty, 2006). These cells are normally in a resting 
state characterized by ramified morphology (Davalos et al., 2005; Nimmerjahn et 
al., 2005). After a significant nervous system insult, like infection, trauma, or in 
response to certain disease states, microglia exit the resting state and begin a 
process called reactive gliosis, characterized by dramatic changes in glial gene 
expression, and morphogenesis (Farina et al., 2007; Fetler and Amigorena, 
2005; Gebicke-Haerter, 2005; Pekny and Nilsson, 2005; Seifert et al., 2006; 
Sofroniew, 2009; Vilhardt, 2005).  Reactive glia transform into a hypertrophic 
morphology and upregulate several surface molecules, including CD14, major 
histocompatibility complex (MHC) molecules, and chemokine receptors.  These 
cells rapidly extend membrane processes toward damaged neurons and clear 
them by phagocytosis (Cho et al., 2006; Oehmichen and Gencic, 1975; Rock et 
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al., 2004). After clearance is complete, glia return to a resting state in which their 
pre-injury morphology and molecular profile is restored (Logan and Freeman, 
2007; Neumann et al., 2009).  
Augustus Waller, in 1850, wrote that after he severed select nerves in the 
frog, he observed that there was degeneration of the severed axons while the 
neuronal cell body remained intact (Stoll et al., 2002). This particular 
phenomenon is termed Wallerian degeneration, and has since been shown to be 
caused by the separation of the neuron soma from its axon.  Wallerian 
degeneration induces reactive gliosis, leading to the proliferation of astrocytes 
and microglia at the site of trauma, and ultimate clearance of the degenerating 
axonal debris (Aldskogius and Kozlova, 1998). The process of reactive gliosis not 
only induces microglia to behave like phagocytes to remove neural debris 
(Guillemin and Brew, 2004), but can also cause the recruitment of peripheral 
macrophages into the injury site within the CNS (Babcock et al., 2003), and 
contribute to the formation of a glial scar (Dissing-Olesen et al., 2007; McGraw et 
al., 2001). The beneficial result of this swift and encompassing reaction is that 
glia are able to rid the brain of debris which would otherwise cause inflammation 
and even more widespread damage.  Degenerating neurons release an array of 
pro-inflammatory factors, including TGFβ2 and complement, which contribute to 
clearance of axonal debris during healing (Aldskogius and Kozlova, 1998; 
Dissing-Olesen et al., 2007; Guillemin and Brew, 2004; Liu et al., 1998a; Liu et 
al., 1998b).  However, these factors, together with proteases and cytosolic 
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antigens, become toxic when present at high or sustained levels, and reactive 
microglia help to counteract the damage from these factors by quickly engulfing 
the degenerating debris.  Glia can also clear harmful extracellular molecules, 
such as excess glutamate, which is responsible for excitotoxic neuron death 
(Rothstein et al., 1996).  Beyond their role of being “reactive” and quickly ridding 
the brain of damaging stimuli, glia may also be “proactive” by providing an 
endogenous pool of neurotrophic molecules, such as insulin-like grown factor 
(IGF-1) (Lalancette-Hebert et al., 2007). 
Yet, how glial cells are able to rapidly sense axon injury and promote 
debris clearance from the CNS is poorly understood. This is an important 
biological question to understand, especially in the context of disease and 
traumatic brain injury, as chronic inflammation is a characteristic of a wide range 
of neurodegenerative diseases and neuropathology (Block et al., 2007).  To this 
end, microglia have been implicated as active contributors to the destruction of 
healthy neurons, in which the overactivation and dysregulation of glia following 
injury, or in response to neurodegenerative disease, results in progressive 
neurotoxic consequences (Figure 1.1) (Kim and Joh, 2006; McGeer et al., 2006; 
Zecca et al., 2006). 
For example, after a spinal cord injury (SCI), reactive gliosis initiates a 
secondary wave of degeneration that causes further damage.  This secondary 
injury includes an increase in inflammatory responses from both microglia and 
macrophage elements in the tissues adjacent to the SCI where further damage is  
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Figure 1.1: Reactive microgliosis drives progressive neurotoxicity 
Microglia can become overactivated and cause neurotoxicity through two 
mechanisms. First, microglia can initiate neuron damage by recognizing pro-
inflammatory stimuli, such as lipopolysaccharide (LPS), becoming activated and 
producing neurotoxic pro-inflammatory factors. Second, microglia can become 
overactivated in response to neuronal damage (reactive microgliosis), which is 
then toxic to neighbouring neurons, resulting in a perpetuating cycle of neuron 
death. Reactive microgliosis could be an underlying mechanism of progressive 
neuron damage across numerous neurodegenerative diseases, regardless of the 
instigating stimuli. Aβ, amyloid-β; H2O2, hydrogen peroxide; IL-1β, interleukin 1β; 
LPS, lipopolysaccharide; MMP3, matrix metalloproteinase 3; MPP+, 1-methyl-4-
phenylpyridinium ion; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NO, 
nitric oxide; NOO-, peroxynitrite; O2, superoxide; PGE2, prostaglandin E2; TNFα, 
tumour necrosis factor-α. (Reproduced from Block et al., 2007) 
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caused in uninjured, healthy neurons.  Interestingly, blocking inflammation after 
rodent SCI increases functional recovery, suggesting that the suppression of 
excessive gliosis may aid in CNS recovery following a traumatic insult (Glaser et 
al., 2004; Peng et al., 2009).   
Scope of the Problem 
The clinical relevance of understanding neural injury is far reaching and 
impacts the lives of hundreds of thousands of people in the US alone.  About 
250-400k people live with SCI and 10,000 new cases appear every year.  Direct 
and related annual medical costs of SCI alone have been estimated at close to 
$11.3 billion (National Spinal Cord Injury Association).  These facts make SCI 
and other forms of neurodegeneration a relevant and urgent medical issue.  
Despite the strong influence that reactive glia have on the health and survival of 
neurons in the nervous system, the specific properties of axonal debris and the 
mechanisms by which glia can sense them, morphologically adapt to their 
presence, and initiate phagocytosis, remain poorly understood.  Critical questions 
arise, such as: how do glia monitor nervous system health, what are the specific 
signals inducing glial response to injury, and what pathways mediate it? 
In neurodegenerative diseases, activated microglia have been shown to 
be present in very large numbers, which is a pathological condition termed 
microgliosis.  Overactivated microglia can induce significant neurotoxic effects by 
producing a large array of cytotoxic factors in excessive amounts (Figure 1.1), 
such as superoxide (Colton and Gilbert, 1987), nitric oxide (NO) (Liu et al., 2002; 
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Moss and Bates, 2001), and tumor necrosis factor-α (TNFα) (Lee et al., 1993; 
Sawada et al., 1989).  A noteworthy example of microgliosis is found in patients 
with multiple sclerosis (MS), an autoimmune disorder characterized by 
demyelination (Bjartmar et al., 2001; Peterson et al., 2001; Trapp et al., 1999).  In 
MS, heightened microglial activation is detected not only in areas of active 
demyelination, but also in distant cortical gray and white matter regions, 
suggesting that these areas also receive damage from reactive gliosis  (Allen et 
al., 2001; Banati et al., 2000; Peterson et al., 2001).  Additionally, chronic 
exposure to amyloid plaques (characteristic of Alzheimer's disease), activation of 
glial scavenger receptors (Figure 1.2), and heightened phagocytic activity 
stimulates the continuous release of pro-inflammatory agents and harmful 
reactive oxygen species (ROS) (which have particularly been implicated in 
Parkinson’s disease pathology), potentially contributing to a feed-forward cycle of 
neurotoxity (Bamberger et al., 2003; Husemann et al., 2002; Lull and Block, 
2010; Perry et al., 2010). Such observations raise the question of causality in the 
relationship between glial activation and disease:  is glial activation non-
causative and does it serve as an early ‘bio-warning’ readout of neuronal 
disease, or does glial activation precede and contribute to subsequent 
neuropathology and disease progression? 
The conditions defining the detrimental or beneficial nature of glial 
engulfment responses to neurodegeneration, in a trauma or disease context, are 
generally poorly understood, but the case for glial overactivation as a cause of  
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Figure 1.2: PET imaging of microglia in neurodegeneration 
 Positron emission tomography (PET) images depicting microglial activation in 
the brains of a healthy control (74 years old) and a patient with Alzheimer's 
disease (65 years old, disease duration of 5 years). The uptake of the [11C]-
PK11195 ligand to the peripheral benzodiazepine receptor, which is 
overexpressed in activated microglia, is shown according to colour scale. In the 
cortex of the healthy individual there is no significant binding, although low level 
binding is present in the pons and midbrain. Widespread binding is evident in the 
cortex of the patient with Alzheimer's disease, with the highest values bilaterally 
in the temporal lobe. Image courtesy of D. J. Brooks, Medical Research Council 
Clinical Sciences Centre, London, UK. (Reproduced from Block et al., 2007) 
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neurotoxicity is rapidly gaining acceptance (Polazzi and Contestabile, 2002). The 
identification of crucial molecular players in glia-mediated responses to 
degeneration and engulfment of injured neurons could provide the insight 
necessary to specifically define the difference between helpful and harmful glial 
activation after brain insult. Additionally, illuminating these important glial 
pathways could lead to a novel therapeutic approach to SCI or other 
neurodegenerative conditions by inducing early attenuation of the glial response 
to injury down to levels that are no longer maladaptive and damaging to the 
brain. 
Glia in the Drosophila Nervous System 
Drosophila melanogaster offers a great opportunity to study glial biology 
after neurodegeneration in a genetically powerful organism.  Drosophila has 
contributed enormously to our understanding of a wide range of fundamental 
neurobiological concepts, and is now yielding interesting insights into glial 
biology.  In Drosophila, all embryonic glial cell lineages have been completely 
defined from precursor to post-mitotic glia (Bossing et al., 1996).  As is the case 
in mammals, the Drosophila CNS is immune privileged and inaccessible to 
hematopoietically derived immune cell types, such as peripheral macrophages, 
and glia are the primary endogenous phagocytic cell type within the nervous 
system. As outlined below, Drosophila glia, like their mammalian counterparts, 
act to clear a range of engulfment targets from the developing and mature 
nervous system, including apoptotic neurons and degenerating axon debris 
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(Awasaki and Ito, 2004; Awasaki et al., 2006; Freeman et al., 2003; MacDonald 
et al., 2006; Sonnenfeld and Jacobs, 1995b). 
Drosophila glia are strikingly similar to vertebrate organisms, based on 
developmental, functional, and morphological criteria.  Developing Drosophila 
glia migrate long distances and undergo extensive interactions with axons and 
neuronal cell bodies, morphologically and molecularly similar to vertebrate glial 
counterparts (Doherty et al., 2009; Edenfeld et al., 2005; Logan and Freeman, 
2007). 
Furthermore, the Drosophila nervous system contains well-defined glial 
subtypes that are reminiscent of the major glial subtypes found in mammals (Ito 
et al., 1995b; Klambt et al., 1996) In the PNS, peripheral glia, like that of 
mammalian Schwann cells, ensheath and support nerves carrying motor and 
sensory axons (Auld et al., 1995; Leiserson et al., 2000).  The main classes of 
CNS glia in Drosophila – surface-associated, cortex, midline, and neuropil-
associated glia – exhibit many of the same functions as their mammalian 
counterparts (Figure 1.3).  Surface glia, which appear as large flat cells 
enveloping the surface of the brain (but do not extend any processes into the 
adult brain) of the Drosophila CNS, isolate the CNS from the surrounding 
hemolymph, and are comparable to the glia responsible for the blood brain 
barrier in mammals (Edwards et al., 1993; Ito et al., 1995b).  Cortex glia (Figure 
1.3b), which reside outside the neuropil in regions housing neuronal cell bodies, 
extend membranes around neuronal cell bodies, in a similar fashion to astrocytes 
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Figure 1.3: Identification of morphologically distinct subtypes of glial cells 
in the adult Drosophila CNS 
Repo-Gal4 was used to label MARCM glial clones with GFP (see Appendix for 
details), and the morphology of individual glial cells was analyzed in the adult 
antennal lobe brain region. We identified three major subtypes of glial cells: 
ensheathing glia, cortex (or cell body) glia, and astrocytes. Cartoon schematic of 
the adult antennal lobe brain region depicts the standard position of cell bodies 
and approximate sizes of each glial cell type within the brain. Confocal Z-stack 
projections of representative MARCM clones of each glial subtype are shown in 
Panels A-C. 
A. Ensheathing glia had a flattened appearance with relatively few branch points, 
and their membranes appeared to surround and demarcate distinct 
compartments of the neuropil. 
B. Cortex glia resided outside the neuropil in the cortex where neuronal cell 
bodies are found, and appeared to fully ensheath the soma of every brain neuron 
within its spatial domain. 
C. Astrocytes projected into the neuropil a major stalk that branched and ramified 
profusely, ultimately positioning astrocyte membrane processes in close 
proximity to the synapse-rich regions of the glomeruli.  
(Reproduced from Doherty et al., 2009) 
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or oligodendrocytes found in mammals, forming a honeycomb structure in the 
CNS and possibly performing support-like functions (Pereanu et al., 2005).  
Midline glia, which are analogous to floorplate cells in vertebrates, occur only at 
the midline of the CNS and influence axon guidance during embryogenesis(Ito et 
al., 1995b). 
One of the two subclasses of neuropil-associated glia, astrocyte-like glia 
(Figure 1.3c), are striking in their resemblance to mammalian astrocytes. 
Morphologically similar to protoplasmic astrocytes, Drosophila astrocytes present 
a highly branched and tufted appearance. They are found to extend their 
abundant membrane specializations into neuropil regions of the fly brain, which 
are rich in synapses (Doherty et al., 2009). At the molecular level, these cells 
also appear similar to mammalian astrocytes: fly astrocytes express EAAT1, 
homologous to the high-affinity excitatory amino acid transporters GLAST and 
GLT-1, found in mammals, which transport glutamate into glial cells where it is 
converted into glutamine by glutamine synthetase (Chaudhry et al., 1995; Lehre 
et al., 1995; Rival et al., 2004).  
The other subclass of neuropil-associated glia is ensheathing glia (Figure 
1.3a), which are physically similar to mammalian oligodendrocytes, whose role is 
to physically separate axons through ensheathment (Freeman, 2006).  
Ensheathing glia normally appear as flattened cells that line the borders of the 
neuropil and subdivide regions of the brain by isolating neuropil from the 
surrounding cortex.  Within the antennal lobe, for example, ensheathing glial 
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membranes surround individual olfactory neuron-innervated glomeruli (which 
represent individual functional units of the antennal lobe), but unlike astrocytic-
like glia, do not extend into the synaptic regions of the glomeruli (Doherty et al., 
2009). Ensheathment also occurs on a greater scale around bundles of axons, 
aiding in nerve fasciculation. This occurs in places like the subesophageal 
ganglion (SOG) where ensheathing glia surround the maxillary palp nerve 
emanating from olfactory receptor neurons originating in the external maxillary 
palps (Ito et al., 1995b; Klambt and Goodman, 1991).   
Relative to mammalian model systems, the Drosophila nervous system is 
significantly less complex, develops in a much shorter time and is highly 
accessible experimentally. Most embryonic glial lineages can be identified 
precisely and traced from precursor to post-mitotic glia.  Excellent markers are 
available to label specific glial subtypes, such as a collection of glia subtype-
specific Gal4 lines (including MZ0709-Gal4 and TIFR-Gal4 for ensheathing glia 
and alrm-Gal4 for astrocytic glia) which drive expression of upstream activation 
sequence (UAS) elements in specific glial subsets in the CNS (Doherty et al., 
2009; Ziegenfuss et al., 2012).  Drosophila also offers many powerful genetic and 
molecular tools for in depth functional analysis of various biological processes in 
vivo.  There are a wide variety of techniques and reagents available that can be 
used to mark axons and precisely manipulate both injured neural cells and 
reactive antennal lobe glia to test the requirements for specific genes in the glial 
response to neurodegeneration.  
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Using Drosophila to Understand Glial Phagocytosis 
In all organisms with a complex nervous system, significant numbers of 
newly-born neurons are destroyed by well-conserved apoptotic pathways during 
development (Bangs and White, 2000; Buss et al., 2006). The spatial and 
temporal pattern of programmed cell death (PCD) has been well characterized in 
the Drosophila embryonic nervous system. For example, the DiI labeling 
technique has allowed researchers to trace the development and death of unique 
neuroblast (NB) lineages to compare the progeny made by NBs in control and 
PCD-deficient embryos (Rogulja-Ortmann et al., 2007). Strikingly, it was found 
that PCD is likely to be responsible for the elimination of approximately 30% of 
the roughly 500 neurons produced per CNS hemisegment in the developing 
embryo(Rogulja-Ortmann et al., 2007). This amounts to a daunting number of 
embryonic neurons in the CNS that are destined to die, and must be removed 
from the developing brain. Glial cells (of which there are only ∼32 per 
hemisegment) are responsible for clearing this large population of neuronal cell 
corpses from the CNS within the short 20-hour period of embryonic nervous 
system development (Bangs and White, 2000; Buss et al., 2006; Freeman et al., 
2003; Kurant et al., 2008; Marin-Teva et al., 2004; Sonnenfeld and Jacobs, 
1995b). The first evidence that glia are capable of engulfing apoptotic neurons in 
the Drosophila embryo was discovered by using electron microscopy (EM) to 
visualize glia in the CNS and PNS during embryogenesis. It was found that glia, 
but not neurons, contained internalized cell corpses (Sonnenfeld and Jacobs, 
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1995b).  The engulfment of neuronal cell corpses by glia is likely to be a rapid 
and efficient process, as evidenced by the fact that under EM almost all of the 
cell corpses in the CNS were found contained within glia, rather than free and 
unengulfed in the extracellular gemish. All embryonic glial subtypes were seen to 
contain some cell corpses, but it appeared that the vast majority of cell corpses 
were found within surface glia (Sonnenfeld and Jacobs, 1995b).  As previously 
mentioned, surface glia ensheath the entire adult CNS, but interestingly, also 
send projections the nervous system during embryonic development (Ito et al., 
1995b). These infiltrating projections may allow surface glia to closely associate 
with the areas in the developing CNS where neuronal cell corpses are generated 
(Sonnenfeld and Jacobs, 1995a, b; Zhou et al., 1995).  The observed majority of 
CNS cell corpses in surface glia indicates that engulfment of neuronal cell 
corpses might be a function that is assigned specifically to surface glia. This 
raises the possibility that surface glia function as the primary phagocytic cell type 
for cell corpses in the embryonic CNS (Figure 1.4a). 
During Drosophila metamorphosis, the larval nervous system undergoes 
extensive remodeling in pupal stages to produce the circuitry of the adult nervous 
system. During this time, many larval neurons are destroyed by PCD, and  
pruning of old and unnecessary larval neuron axon or dendritic projections also 
occurs, clearing the way for the extension of new, adult-specific neurites (Lee et 
al., 1999; Technau and Heisenberg, 1982; Truman, 1990). Drosophila glia have 
an important role during this larva-to-adult transition by engulfing apoptotic  
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Figure 1.4: Schematic models of glial engulfment in the Drosophila nervous 
system 
A. Glial cells engulf apoptotic neuron corpses in the embryo: Cartoon of a cross-
section through a late stage (stage 15/16) embryonic CNS showing only surface 
glial subtypes (green). Most apoptotic corpses (tan) occur in surface glia (green), 
particularly within ventral regions of the CNS. After corpses are engulfed, they 
may be destroyed by glia through lysosomal destruction or possibly transferred to 
macrophages (pink) that reside outside of the CNS (indicated by question mark). 
See text for more details. B. Glia engulf pruned neurites during metamorphosis: 
At late larval stages, mushroom body (MB) gamma neurons project a single axon 
extension that bifurcates into the dorsal and medial lobes of the MB. By 6 hours 
after puparium formation (APF), gamma neuron axons begin to display signs of 
‘blebbing’ (arrowheads), and glial cell bodies (green) have accumulated around 
the dorsal and medial lobes of the MB. Over the next 12 hours, glial membranes 
invade the MB lobes and engulf fragments of degenerating gamma neuron axons 
as they are pruned. Glia also engulf degenerating gamma neuron dendrites 
during this time. C. Mature glia engulf degenerating olfactory receptor neuron 
(ORN) axons after injury: ORN cell bodies reside in either the third antennal 
segments (purple) or maxillary palps (orange) and send axonal projections into 
the brain where they synapse on antennal lobe (AL) glomeruli. Antennal or 
maxillary palp ORN axons can be selectively severed by surgical ablation of 
these olfactory organs. Within hours after injury, severed ORN axons fragment 
into smaller pieces, and glial cell membranes accumulate specifically on AL 
glomeruli that contain severed axons to begin engulfing fragmented axon debris. 
(Reproduced from Logan and Freeman, 2007) 
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neurons and degenerating pruned debris, thereby assisting in the morphogenesis 
of the adult nervous system (Awasaki and Ito, 2004; Awasaki et al., 2006; 
Cantera and Technau, 1996; Hoopfer et al., 2006; Watts et al., 2003). By EM, it 
was observed in the pupa that glial cells phagocytose cell corpses during 
metamorphosis (Cantera and Technau, 1996). Another EM study was able to 
genetically label glia and neuron membranes and showed that degenerating 
pruned axonal debris accumulates within invading glial cells (Watts et al., 2004). 
Unlike the embryonic CNS, where most cell corpses were found within surface 
glia, neuronal cell corpses in the pupa were found within and distributed widely in 
virtually all glial subtypes (Cantera and Technau, 1996).  
In the immature mushroom body (MB), which is the site for higher learning 
processes in Drosophila, a subset of larval neurons, known as gamma neurons, 
possess elaborate dendritic projections and an axon that undergoes a dramatic 
developmental revision.  In the immature MB, the axon initially projects two 
branches to the dorsal and medial lobes, but during metamorphosis, both dorsal 
and medial projections are pruned back, and a much more elaborate branching 
pattern is established in adulthood (Figure 1.4b).  This pruning event is marked 
by microtubule  breakdown, separation of the branches from the parent gamma 
neuron arbor, fragmentation of pruned axon fibers, and clearance of cellular 
debris from the nervous system, followed eventually by rearborization (Awasaki 
and Ito, 2004; Lee et al., 1999; Lee et al., 2000; Watts et al., 2003). Drosophila 
glia have a central role in the developmental pruning of axons, as glial cells have 
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been seen to accumulate around the MB, extend their processes into the dorsal 
and medial lobes, and engulf the pruned and fragmenting axonal debris (Awasaki 
and Ito, 2004; Watts et al., 2004). Moreover, blockade of glial endocytic function 
results in complete inhibition of the clearance of both dorsal and medial gamma 
neuron branches (Awasaki and Ito, 2004). Thus, glial engulfment activity is 
essential for the efficient removal of pruned axons in the developing MB as well 
as for neuronal cells undergoing PCD, but are Drosophila glia also required in the 
adult brain like their mammalian counterparts to rapidly respond to brain trauma 
and phagocytose neurons undergoing Wallerian degeneration? 
This question has been recently addressed by utilizing the Drosophila 
olfactory system as a model to study glial responses to axon injury in the CNS in 
vivo (Figure 1.4c) (MacDonald et al., 2006). The cell bodies of olfactory receptor 
neurons (ORNs) are located outside of the CNS in the third antennal segments 
and maxillary palps near the proboscis. The ORNs send their axonal projections 
into centrally located antennal lobes in the CNS to form synapses on ORN-
specific glomeruli, which are uniquely identifiable for each ORN class in the brain 
based on their positions in the antennal lobe (Couto et al., 2005; Vosshall et al., 
2000). If ORNs are severed by mechanically cutting off either the antennae or 
maxillary palps, injured ORN axons rapidly undergo Wallerian degeneration 
(MacDonald et al., 2006). 
The location and histology of the antennae and the maxillary palps allows 
for the analysis of glial responses to axonal injury in these two distinct locations. 
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The antenna house the majority of Drosophila ORN axons, and cutting off both 
antennae leads to a massive degree of neurodegeneration in approximately 44 of 
the 50 glomeruli in the antennal lobe (Couto et al., 2005; Stocker, 1994; Stocker 
et al., 1990; Vosshall et al., 2000). Therefore, antennal ablation represents a 
significant injury, similar in scale to a traumatic brain injury, because about 90% 
of all innervating ORN axons are severed. Glia responding to antennal injury 
rapidly change their morphology and exhibit a massive membrane expansion and 
hypertrophy, similar to the observation of mammalian microglia after laser-
induced neuron injury (Davalos et al., 2005; MacDonald et al., 2006). On the 
other hand, maxillary palp ablation results in the degeneration of a relatively 
small number of ORN axons, as these axons innervate only 6 of the 50 antennal 
lobe glomeruli (Couto et al., 2005; Vosshall et al., 2000). Maxillary palp ablation 
can therefore be used to examine precise glial responses to a small subset of 
injured axons in an otherwise healthy CNS. Using this system, glia have been 
seen beginning to change their morphology as early as 6 hours post-injury.  Glial 
cell membranes were shown to be recruited and closely accumulate around 
severed axons, leading to eventual clearance of degenerating axonal debris from 
the CNS within a few days (MacDonald et al., 2006). This highly localized 
recruitment of glial processes to severed axons indicates that Drosophila glia can 
discriminate, perhaps with single-axon resolution, between healthy and severed 
neurons. In fact, antennal ORN projections remain fully intact after maxillary palp 
ablation, as well as post-synaptic projection neuron partners of maxillary palp 
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ORNs, which are positioned extremely close to degenerating ORN pre-synapses 
and remain fully intact while glia respond to injury and clear debris (Berdnik et al., 
2006; MacDonald et al., 2006). In addition, glia increase their expression of 
engulfment-related molecules after ORN axon injury, including Draper (described 
below) (MacDonald et al., 2006). This indicates that glial cells can upregulate the 
cellular machinery used to clear degenerating axons from the CNS. Taken 
together, these studies show that Drosophila glia can sense axon injury, are 
capable of robust activation reminiscent of mammalian reactive gliosis, and 
informed the current work by establishing that glial had a defined and critical role 
in neuronal debris clearance. 
The glial subtype normally associated with phagocytic activity in 
mammals, microglia, does not have a clear histological correlate in Drosophila, 
so work was needed to be done to establish which glial subtype is responsible for 
this activity in flies.  In the adult Drosophila brain, ensheathing glia seemed 
uniquely positioned and capable of fulfilling this role.  It has been shown that it is 
specifically the ensheathing glia subtype that responds morphologically to axon 
injury by changing from its basal resting state to a hypertrophic state, extending 
membranes to severed axons, and clearing them (Doherty et al., 2009). 
Moreover, halting endocytosis specifically in ensheathing glia using a 
temperature sensitive dominant negative form of Shibire, the fly version of 
Dynamin, prevented any clearance of degenerating axons (Doherty et al., 2009).  
The finding that ensheathing glia send processes into and invade the injured 
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antennal lobe glomeruli, an area that they normally circumscribe but do not 
infiltrate, suggests that the axon-derived cues from degenerating olfactory 
neurons must be sufficient to drive dynamic extension of ensheathing glial 
membranes into new regions of the CNS (Doherty et al., 2009).  Therefore, we 
have shown specifically that ensheathing glia are the Drosophila glial subtype 
that plays the role of the resident CNS phagocyte, capable of the efficient and 
targeted migration and phagocytosis characteristic of mammalian microglia.  
We have additionally shown that Drosophila astrocytes show no 
detectable change in morphology over time after olfactory receptor neuron (ORN) 
axotomy, and are not required for clearance of degenerating axons from the CNS 
(Doherty et al., 2009). A major proposed role for reactive astrocytes in mammals 
after neuron death or damage is the modulation of neuroinflammation (Wyss-
Coray and Mucke, 2002), rather than phagocytic activity. Since classical tissue 
inflammatory responses have not been described in Drosophila, modulation of 
neuroinflammation may be an astrocytic function specific to more complex 
nervous systems.  
The last step in clearance of neural debris after injury is the proper 
destruction of this material within glial organelles.  EM studies have shown during 
Drosophila metamorphosis that glia appear to digest degenerating cells and axon 
debris through classic phagolysosomal pathways (Cantera and Technau, 1996). 
Additional studies have shown that multivesicular bodies (MVBs), which are a 
structural hallmark of active phagocytes, are detected in the glial cells that invade 
27 
 
the MB lobes to engulf pruned gamma neuron axons (Mullins and Bonifacino, 
2001). Fluorescent labeling has also confirmed that glia contain abundant 
endosomal and lysosomal compartments (Awasaki and Ito, 2004; Watts et al., 
2004). 
Taken together, the conservation of observed glial behavior from flies to 
mammals, coupled with the diverse molecular and genetic tools available in 
Drosophila, puts fly glial biology at the forefront of work currently elucidating the 
molecular mechanisms behind reactive gliosis and glial engulfment of 
degenerating neurons in human trauma and disease. 
Molecular Basics of Engulfment: the CEDs  
 Engulfment is a complex cellular process played out in many cell types for 
many different reasons, including clearance of bacterial pathogens, apoptotic 
cells during development, and neurotic cell debris after tissue or cell damage. 
During the development of Caenorhabditis elegans, many cells undergo 
programmed cell death and need to be rapidly removed from the surrounding 
tissue (Gumienny et al., 1999; Sulston and Horvitz, 1977; Sulston et al., 1983). In 
the worm, rather than utilizing professional phagocytes, such as macrophages 
and glia, neighboring hypodermal cells are induced to produce cytoplasmic 
extensions which encircle and engulf their dying neighbors (Zhou et al., 2004). 
Studies in C. elegans have shown seven proteins (CED-1 (cell death abnormal), 
CED-2, CED-5, CED-6, CED-7, CED-10, and CED-12) to be required for the 
ability of these hypodermal cells to engage in phagocytosis (Figure 1.5).   
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Figure 1.5: Current model of corpse recognition and engulfment in             
C. elegans 
Studies in C. elegans have identified two, parallel, partially redundant pathways 
that are involved in the recognition and engulfment of apoptotic cells. One 
pathway drives engulfment activity through the receptor CED-1, the adaptor 
protein CED-6 and the ABC-transporter CED-7, whereas a second pathway 
signals via the CED-2, CED-5 and CED-12 complex. The hypothesized 
phosphatidylserine receptor (PS-R) is placed genetically upstream of the CED-
2/5/12 complex (indicated with dotted arrow), but there are probably other 
recognition receptors that also function within this pathway (indicated by ?). Each 
engulfment pathway drives phagocytosis through active remodeling of the actin 
cytoskeleton. See text for more details.  
(Reproduced from Logan and Freeman, 2007) 
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Worms that are mutant for any one of these genes exhibit persistent unengulfed 
cell corpses during development, and these genes as a whole have been shown 
to act in at least two, partially redundant, signaling pathways involved in the 
recognition and engulfment of apoptotic cells (Mangahas and Zhou, 2005; 
Reddien and Horvitz, 2004).  
Several studies have demonstrated that three of these CED genes (ced-2, 
ced-5, and ced-12) interact in one complex to promote phagocytosis in worms.  
CED-2 is a small adaptor protein, similar to the mammalian adaptor protein CrkII, 
and can affect apoptotic cell engulfment and cell migration (Klemke et al., 1998; 
Reddien and Horvitz, 2000). CED-2 and CrkII both have one N-terminal Src-
homology 2 (SH2) domain followed by two Src-homology 3 (SH3) domains 
(Matsuda et al., 1992; Reddien and Horvitz, 2000).  SH2 domains bind 
phosphotyrosines, and SH3 domains bind proline-rich sequences.  CED-5 
mutants also perturb efficient cell corpse clearance from the developing worm, 
and both it and its mammalian homolog, DOCK180, contain an N-terminal SH3 
domain, a DOCKER domain, and a C-terminal proline-rich region that binds the 
first SH3 domain of its species-respective partner, CED-2 or CrkII (Brugnera et 
al., 2002; Reddien and Horvitz, 2000). DOCK180 was identified in mammals on 
the basis of its physical interaction with Crk, suggesting that homologous proteins 
to DOCK180 and Crk could interact in engulfing cells of the worm to mediate 
engulfment (Hasegawa et al., 1996).  Mutant alleles of CED-12, like those of 
CED-2 and CED-5, show a high prevalence of unengulfed apoptotic cell corpses. 
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CED-12 contains a Pleckstrin Homology (PH) domain and a proline-rich SH3-
binding domain that binds the N-terminal SH3 domain of CED-5 (Gumienny et 
al., 2001; Wu et al., 2001; Zhou et al., 2001a). Both the proline-rich and PH 
domains are needed for CED-12 function in vivo (Zhou et al., 2001a). PH 
domains have the ability to target proteins to cell membranes, and CED-12’s 
mammalian homolog, ELMO1, has been shown to facilitate the recruitment of 
DOCK180 to cell membranes (Gumienny et al., 2001). Together, these data 
show that CED-2, -5, and -12 interact together by distinct domains and are 
necessary for phagocytosis. 
It has also been established that the CED-2/CED-5/CED-12 complex acts 
as a novel Guanine-Exchange Factor (GEF) for the Rac GTPase, CED-10. 
Likewise, in mammals, the DOCKER domain of DOCK180 can act along with the 
small adaptor protein CrkII and ELMO as a novel type of GEF for Rac in vitro 
(Hasegawa et al., 1996; Gumienny et al., 2001; Brugnera et al., 2002). Activated 
CED-10/Rac drives reorganization of the actin cytoskeleton, and mediates 
lamellipodia extension and phagocytic cup closure during the engulfment of cell 
corpses after recognition (Brugnera et al., 2002; Mangahas and Zhou, 2005; 
Massol et al., 1998; Ridley and Hall, 1992; Ridley et al., 1992; Wu et al., 2001). 
Of particular note, the overexpression of ced-10 can overcome the requirement 
for ced-2, ced-5, or ced-12, whereas overexpression of either ced-2, ced-5, or 
ced-12 cannot rescue the requirement for ced-10, indicating that ced-10 acts 
downstream of these genes (Gumienny et al., 2001; Reddien and Horvitz, 2000; 
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Wu et al., 2001; Zhou et al., 2001a). Although it is interesting how CED-2/CED-
5/CED-12 interact as a complex and activate Rac and cytoskeleton 
rearrangement, the question is what the identification of the primary cell corpse-
recognition receptor(s) acting upstream and driving activity of this complex? 
One potential receptor is a phosphatidylserine receptor (PSR), which is 
thought to bind phosphatidylserine (PS), a membrane phospholipid that is 
normally restricted to the inner leaflet of the plasma membrane and only 
available for recognition by phagocytic cells once a cell becomes apoptotic 
(Fadok et al., 2000; Fadok et al., 1992a; Fadok et al., 1992b; Wu et al., 2006). A 
study has implicated C. elegans PSR-1 as an in vivo activator of the CED2/5/12 
pathway (Wang et al., 2003). However, this study is overshadowed by current 
reports detailing that the product of the psr gene is actually a nuclear protein 
(Cikala et al., 2004; Cui et al., 2004). Nonetheless, research groups have been 
on the hunt for a potential membrane receptor upstream of the CED-2/5/12 
complex.  Bai-1 is a seven-transmembrane spanning receptor protein belonging 
to the adhesion-type-G-protein-coupled receptor family. It was shown that BAi-1 
functions as an engulfment receptor in both recognition and internalization of 
mammalian apoptotic cells (Park et al., 2007). The thrombospondin type 1 
repeats within the extracellular region of BAi-1 mediate direct binding to PS, as 
well as forms an intracellular complex with ELMO (mammalian homolog of CED-
12) and Dock180 (homolog of CED-5) in vitro.  Knocking down BAi-1 expression 
was additionally found to inhibit the engulfment of apoptotic targets in vivo (Park 
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et al., 2007). Besides BAi-1, MOM-5, a Frizzled-like seven-transmembrane 
protein, has also been implicated in C. elegans to function in the engulfment of 
developmentally apoptotic cell corpses.  Evidence for this comes in the form of 
genetic mutants between MOM-5 and CED-2/5/12 that perturb efficient corpse 
clearance, and data showing MOM-5 expression is ubiquitous in all cells seen 
clustering around engulfed cell corpses (Cabello et al., 2010). Therefore, current 
research details that the CED-2/5/12 complex might function promiscuously and 
function downstream of not only a Bai-1-like PSR but also a Frizzled-like receptor 
which is typically involved in Wnt signaling. 
Incidentally, a parallel pathway comprised of CED-1, CED-6, and CED-7 
has also been described in C.elegans as helping CED-2/5/12 drive cell corpse 
engulfment.  CED-1 encodes a single pass transmembrane receptor and acts as 
a phagocytic receptor that recognizes an unknown ligand presented by corpses 
(presumably through interactions with CED-1’s extracellular EGF repeats) (Zhou 
et al., 2001a; Zhou et al., 2001b).  CED-1 and its downstream signaling partners 
are required along with the CED2/5/10/12 pathway for complete apoptotic cell 
clearance, as demonstrated by the fact that mutants in either of these two 
pathways do not fully abrogate phagocytosis on their own (Gumienny et al., 
1999; Liu and Hengartner, 1998; Zhou et al., 2004). The unidentified in vivo 
ligand for CED-1 has been hypothesized to be an ‘eat-me’ cue presented by cell 
corpses, based on studies showing that CED-1 accumulates preferentially on 
engulfing cells at sites of cell corpse contact - even in the absence of CED-1’s 
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intracellular domain (Zhou et al., 2001b). Once CED-1 recognizes its engulfment 
target, it activates downstream pathways via its short intracellular domain to drive 
corpse internalization through a pathway that involves the adaptor protein CED-6 
(Liu and Hengartner, 1998; Mangahas and Zhou, 2005; Zhou et al., 2001b).  
Despite years of rigorous study in C.elegans, signaling molecules downstream of 
CED-1 able to activate downstream mechanisms ultimately facilitating the 
phagocytosis of engulfment targets are still unknown. 
The CED-1 pathway, like the CED-2 pathway, is also developmentally 
conserved in mammals. The extracellular domain of CED-1 is most similar to the 
mammalian SREC (scavenger receptor from endothelial cells) protein but SREC 
lacks similarity to the intracellular domain of CED-1 (Zhou et al., 2001b).  Jedi-1 
and MEGF10 have been identified as mammalian homologs of CED-1.  Jedi-1 
and MEGF10 were shown to be both expressed in glial precursor cells and 
essential in glia for the clearance of apoptotic dorsal root ganglion neurons (Wu 
et al., 2009). Overexpressing GULP, the mammalian homolog of CED-6, 
enhances the engulfment of apoptotic cells by macrophages in culture, indicating 
that CED-6, like CED1/2/5/10/12, is also a highly conserved signaling molecule 
that regulates phagocytosis (Smits et al., 1999). Upstream of CED-1 is CED-7, 
an ATP-binding cassette (ABC) transporter, required both in the corpse and in 
the engulfing cell for proper engulfment (Wu and Horvitz, 1998).  ABC 
transporters are transmembrane proteins that utilize the energy of adenosine 
triphosphate (ATP) hydrolysis to carry out diverse biological processes including 
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translocation of lipids, sterols, drugs, and metabolic products across membranes. 
Past studies have suggested that the membrane transport properties of CED-7 
may be responsible in part for the presentation of the ‘eat-me’ signal in dying 
cells, as demonstrated by the suppression of CED-1 clustering around cell 
corpses when ced-7 is mutated (Zhou et al., 2004). A mammalian homolog of 
CED-7, ABCA1, has been shown to be required for engulfment of apoptotic cells 
in vitro, but the molecular signaling behind its ability to recognize apoptotic cells 
remains unclear (Fielding et al., 2000; Hamon et al., 2000; Luciani and Chimini, 
1996).  Although analysis of CED proteins have provided great basic insight into 
how cells engulf one another and demonstrate conservation to mammals and 
human relevance, important questions still remain. These questions include: 
what is the molecular signaling behind CED-1 function and how does both CED-1 
pathway and CED-1/5/12 pathway function together to promote efficient 
clearance of engulfment targets?  This body of work not only aims to answer 
these questions, but also addresses how phagocytic glial cells communicate with 
dying neurons while providing insight into the basic properties of degenerating 
axons themselves. 
  Draper/CED-1 is Essential for Neural Debris Engulfment in Drosophila 
Due to the immune-privileged nature of the Drosophila CNS, glial cells are 
the only resident phagocytic cell in the fly brain, unlike in C.elegans where any 
hypodermal cell can assume this function. Like their mammalian counterparts, 
Drosophila glia are not typically poised exactly at the site of neural cell death or 
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damage, and must travel significant distances to engulf a wide variety of 
engulfment targets (Sonnenfed and Jacobs, 1995b, MacDonald et al., 2006, 
Awasaki and Ito, 2004, Watts et al., 2004, Kurant et al., 2008; Ziegenfuss et al., 
2012).  
Several recent studies provide new insights into how glia recognize their 
engulfment targets, and the molecular pathways that appear to be well 
conserved from C. elegans to mammals are also conserved in Drosophila.  In a 
screen for glial expressed genes, Draper, the fly ortholog of C.elegans CED-1, 
was shown to be essential in glia for the phagocytosis of apoptotic neurons.  The 
Draper/CED-1 receptor appears to be expressed in nearly all Drosophila glia 
throughout development and in the adult brain, and like CED-1, is highly 
expressed around neuronal cell body corpses undergoing engulfment, indicating 
that it also binds cell corpses. In a draper null mutant background, twice as many 
neural cell body corpses accumulate in the CNS at late embryonic stages without 
being engulfed (Freeman et al., 2003). This phenotype is strikingly similar to that 
of ced-1-mutant worms, where unengulfed cell corpses accumulate throughout 
the animal (Zhou et al., 2001b). The only other receptor implicated in the 
clearance of cell corpses in the Drosophila embryo is Croquemort, which is 
expressed in embryonic macrophages and is required for efficient macrophage 
engulfment of apoptotic cells (Franc et al., 1996; Franc et al., 1999). Croquemort, 
unlike Draper, is not expressed in embryonic glial cell types (unpublished 
observation, M. Logan and M.R. Freeman), and therefore is an unlikely partner to 
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help play a role in glial engulfment of neuronal cell corpses. Thus, Draper 
appears to be a central component of the glial cell corpse engulfment machinery 
and mediates glial phagocytosis of neuronal cell corpses during embryonic CNS 
development. 
In fact, Draper is also necessary for proper glial engulfment of 
developmentally pruned axons. During pupal metamorphosis in the fly, Draper is 
required for glia to infiltrate the mushroom body lobes at the time of pruning and 
for the efficient removal of pruned axonal and dendritic debris, although a draper-
null mutant only shows a partial clearance of developmentally pruned axon 
debris, much like the CED-1 mutant phenotype in worms (Awasaki et al., 2006; 
Hoopfor et al., 2006).  dCed-6, the Drosophila ortholog of C. elegans CED-6, is 
also necessary for Drosophila glia to remove pruned axons efficiently from the 
CNS (Awasaki et al., 2006). Additionally, in the PNS, Draper was also shown to 
play an important role in peripheral glial ability to clear shed bouton debris from 
the developing NMJ (Fuentes-Medel et al., 2009).  Draper is in fact strongly 
expressed in Drosophila macrophages where it is necessary for the clearance of 
degenerating neuronal debris in the developing PNS (Freeman et al., 2003). 
During development, the elaborate dendritic arbors of dendritic arborizing (DA) 
sensory neurons are pruned back and the debris from this process is thought to 
be cleared by macrophages (Williams and Truman, 2005). In draper-null 
mutants, DA dendrites do begin to be pruned back, but the arising debris is not 
removed from the body wall by macrophages (Williams et al., 2006). Thus, 
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Draper is also required for phagocytes (glia and macrophages) to recognize 
somatic, dendritic, and axonal neuronal debris in the developing PNS, in addition 
to the CNS.  
Unlike CED-1, however, Draper’s role in engulfment is not limited to 
developmental events, but has also been shown to be absolutely required for a 
glial response to severed axons undergoing Wallerian degeneration in the adult 
CNS.  When adult ORN axons are severed in draper-null animals, glia fail to 
extend their membranous processes toward the degenerating axons and the 
majority, if not all, of the debris fail to be cleared from the CNS (MacDonald et al., 
2006). This is actually quite different than the CED-1 mutant phenotype in 
worms, where there was only a partial failure (~27%) of cell corpse engulfment 
(Cabello and Hengartner, 2010). Additionally, dCed-6 acts not only in 
development, but also in glia of the adult CNS to promote the engulfment of 
degenerating axons, as RNAi directed against dCed-6 in glia causes a failure of 
debris clearance (Doherty et al, 2009). Furthermore, this study suggests that the 
extension of glial processes toward axons debris and the glial engulfment of 
severed axonal debris are tightly coupled mechanisms because both events are 
suppressed in draper mutants. Taken together from all of these studies, Draper is 
shown to be necessary for the clearance of perhaps all glial engulfment targets 
during development and in the mature CNS. These studies were able to 
demonstrate a critical role for Draper in the clearance of perhaps all glial 
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engulfment targets in the fly, but the nature of Draper activation remained a 
mystery. 
A potential model for the activation of Draper/CED-1 receptor signaling in 
glia begins with binding of Draper’s extracellular domain to its ligand.  This ligand 
potentially resides on or nearby apoptotic neural cells or degenerating axons, 
and causes Draper clustering around the engulfment target. Receptor clustering 
around apoptotic cell corpses has been shown in worms to be independent of 
actual phagocytosis, as clustering of CED-1 around corpses precedes 
engulfment and the intracellular domain of CED-1 is expendable for receptor 
clustering - although it is essential for internalization (Zhou et al., 2001b). This 
data suggests that the Drosophila model should include that only once Draper 
receptors cluster together around an engulfment target, they can begin to recruit 
signaling molecules that reorganize the cytoskeleton to form a phagocytic cup, 
which subsequently causes the internalization of the target. An interesting 
question remains, which is how the ligand is generated and presented for 
recognition by glial Draper. A fly homolog of CED-7 could theoretically work to 
present a Draper ligand similar to PS, as it does in worms, but to date the closest 
potential Drosophila homolog to C. elegans CED-7 (CG1718) has not been found 
to have a role in cell corpse or axon debris engulfment (unpublished observation, 
M. Logan and M. R. Freeman).  This does not definitively rule out the role for an 
ABC transporter function in engulfing glia (or in their neural and axon targets), 
but more work needs to be undertaken to screen for additional Drosophila genes 
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with potential or predicted ABC-transporter-like activity.  Identification of the 
Draper ligand is one open question, but another is how Draper transduces the 
signal of its ligand binding intracellularly.  Two intracellular domains are known to 
be essential for CED-1 mediated engulfment: a NPXY and an YXXL motif, which 
are also conserved in the Draper intracellular domain (Figure 1.6).  In C. 
elegans, mutations in either the NPXY or YXXL domain partially inhibits CED-1-
mediated engulfment activity in vivo, but if both motifs are mutated, then CED-1 
engulfment is completely blocked (Zhou et al., 2001b). The PTB domain binding 
site in the  adaptor proteins CED-6 and dCed-6 interacts  with the intracellular 
NPXY domain of CED-1 and Draper, respectively, and is important for both CED-
1 and Draper functioning, but how CED-6/dCed-6 promotes engulfment is still left 
unclear, as it contains no known kinase activity or downstream signaling ability 
(Awasaki et al., 2006; Doherty et al., 2009; Su et al., 2002; Zhou et al., 2001b).  
The YXXL domain is essential for engulfment activity and has been proposed to 
be a site for tyrosine phosphorylation and SH2 domain binding with downstream 
signaling molecules, but none that interact directly with this conserved domain 
have ever been identified (Pawson and Scott, 1997; Zhou et al., 2004). 
Therefore, a detailed study of the Draper receptor’s YXXL domain and how its 
potential binding partners may be able to transduce the recognition of an 
injury/death signal into an effective response to and efficient clearance of 
severed axon debris is of considerable interest and importance. 
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Figure 1.6: Structure of CED-1 and Draper 
C. elegans CED-1 and Drosophila Draper are single-pass transmembrane 
proteins. The extracellular domain (ECD) of CED-1 contains 16 EGF-like repeats 
(ovals) and might bind hypothesized ‘eat-me’ signals presented by cell corpses. 
Two tyrosine phosphorylation sites within the intracellular domain of CED-1 
(NPXY and YXXL) are required for engulfment activity in worm phagocytes. 
CED-6 interacts with the NPXY motif, but it is unknown how the YXXL domain is 
involved in transducing CED-1 signaling (indicated by ?). Draper is most similar 
to CED-1 and has 15 EGF-like repeats (ovals) in the extracellular domain. 
(Reproduced from Logan and Freeman, 2007) 
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Although Drosophila versions of CED-2/5/10/12 (Crk, Mbc, Rac1, and 
dCed-12) have been shown to be involved in developmental processes including 
thoracic closure (Ishimaru et al., 2004), dorsal closure (Erickson et al., 1997), 
border cell migration (Bianco et al., 2007), myoblast fusion, and ommatidial 
organization (Geisbrecht et al., 2008) (indicating that the Drosophila CED-
2/5/10/12-like proteins control a variety of events that, similar to engulfment, 
involve changes in cell shape), it is not known whether this complex functions in 
glia for the phagocytosis of axotomized neurons in the fully developed brain. It 
does appear likely that the Crk/Mbc/dCed-12/Rac1 pathway potentially plays a 
role in glial clearance of neuronal debris targets in the Drosophila CNS, based on 
two observations.  
The first observation is that a conservative estimate indicates that about 
150 cell corpses are generated in the embryo per hemisegment over the course 
of embryonic CNS development (Rogulija-Ortmann et al., 2007).  At late 
embryonic stages, about 25 cell corpses remain per hemisegment in the CNS of 
a wild-type animal, yet in a draper-null mutant animal there are about 50 
unengulfed neural cell corpses, which is only twice as many as in control animals 
(Freeman et al., 2003). Since it is known that the C. elegans CED-1/CED-6/CED-
7 pathway is partially redundant with CED-2/CED-5/CED-12, a larger persistence 
of cell corpses (possibly even 150 per hemisegment) might occur if glial 
engulfment activity is blocked completely in mutant animals with a  combination 
of draper  and crk, mbc, or dced12 null mutations.  
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Secondly, although the clearance of pruned mushroom body axons is 
clearly delayed in the CNS of draper-null animals during pupal stages, nearly all 
of these axons disappear from the brain within the first two weeks of adulthood 
(Awasaki et al., 2006). Therefore, even without Draper, the developmental 
clearance of pruned axons by glia appears to occur normally, albeit delayed.  Yet 
the possibility remains that addition of mutants for crk, mbc, or dced12 to a 
draper-null background could prevent clearance of pruned axons even until 
adulthood. It has been observed that animals with glial-specific RNAi directed 
against crk, mbc, or dced12 have unengulfed pruned mushroom body debris 
persisting in the pupal CNS (unpublished observations, O.E. Taşdemir and M.R. 
Freeman). Potentially, when these RNAis are combined with the draper-null 
mutation, then developmentally pruned axon debris may persist indefinitely.  Yet, 
when it comes to degenerating axon debris after an injury, a majority, if not all, 
axon debris in a draper-null background fail to be cleared by glia, demonstrating 
an absolute requirement for Draper in glial clearance of degenerating axons from 
the adult brain.  This observation strongly suggests that additional, partially 
redundant pathways (e.g. Drosophila orthologs of CED-2/5/10/12) do not exist 
that can compensate for Draper signaling in this context.   
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Important Remaining Questions 
Neurons communicate extensively with surrounding glia during the 
engulfment of developmental neural cell corpses and after trauma in the setting 
of reactive gliosis.  Surprisingly the molecular mechanisms mediating the 
initiation and progression of glial phagocytic function are poorly understood.  A 
key challenge is to identify the molecular signaling pathways that allow glia to 
recognize and destroy diverse engulfment targets such as adult degenerating 
axons. Mammalian glia express numerous molecules, implicated in immune 
signaling pathways, but it remains unclear how these molecules precisely fit 
together within a clear signaling pathway leading to correct and efficient glial 
engulfment activity (Farina et al., 2007; Husemann et al., 2002; Husemann et al., 
2001; Smith, 2001).  Additional questions left unanswered include: how do glia 
distinguish between healthy and apoptotic neurons in vivo?  How do glia 
recognize and dispose of degenerating axons after brain injury or during 
disease?  What are the ‘eat-me’ cues that are presented by dead or dying 
neurons and how are they recognized?  How do glia internalize and destroy 
engulfed neuronal corpses and neural debris? 
Drosophila not only have functioning glial cells, like their mammalian 
counterparts, but their glia also respond to axon injury and cell death much like 
those of mammals.  Therefore, Drosophila provides a unique and genetically 
powerful system to investigate and understand the precise molecular machinery 
underlying reactive glial responses to after neuron injury in the adult brain. The 
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precise definition of signaling events that drive glial response to nervous system 
trauma will be essential if we hope to modulate reactive gliosis to produce 
beneficial results in human patients.  
The results presented above have shown that the Draper/CED-1 pathway 
is not only conserved across species, but is also incredibly important for the 
clearance of perhaps all glial engulfment targets in the developing and mature 
CNS. Understanding how Draper signaling in glial cells leads to the proper 
engulfment of dead or dying neurons in the CNS is very important and has broad 
implications for how glia respond to and engulf neural debris in other settings, 
such as in the mammalian brain. Yet, little is known of the precise molecular 
machinery underlying Draper-mediated glial engulfment, so the next question is 
aimed at explaining how exactly the Draper receptor is able to transduce the 
recognition of an injury/death signal into an efficient and effective clearance 
response to severed axon debris. Another interesting question is whether 
compensatory pathways may exist in the absence of a functional Draper cascade 
in the setting of axonal injury in the mature CNS.  Will debris persist indefinitely, 
or, as in worms or the developing Drosophila brain, will debris eventually be 
cleared in a Draper-independent fashion?  If an independent pathway exists, 
what are the other signals at work that induce glia to morphologically respond 
and phagocytose axon debris? Furthermore, are extension of glial processes  
and engulfment of severed axonal debris both tightly coupled to Draper signaling, 
as suggested by early studies, or can they be genetically uncoupled? 
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The following studies presented in this dissertation are aimed at 
addressing these questions, shedding light on novel and important biology 
underlying axotomy-induced reactive gliosis, while also elucidating basic 
physiologic properties of degenerating axons themselves. 
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CHAPTER II: Draper-dependent glial phagocytic activity is mediated by Src 
and Syk family kinase signaling 
 
The work conducted in this chapter was performed in the lab of Dr. Marc 
Freeman. My contribution to this work included designing and conducting the 
experiments represented in Figures 2.2-2.5 and Table 2.1.  R.B. preformed the 
experiments represented in Figure 2.1a,b.  M.A.A. performed an experiment with 
an additional Shark RNAi construct (sharkRNAi6b), validating sharkRNAi3b data.  A.S. 
generated both sharkRNAi6b and sharkRNAi3b constructs.  K.H. performed 
experiments represented in Figure 2.1c and Figure 2.4f.  I performed all in vivo 
and K.H. and Y.G.Y. helped perform in vitro reviewer-directed experiments 
required prior to publication.  J.S.Z. and M.R.F wrote the manuscript.   
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by an Albert Einstein Cancer Center Grant (PO3-13330 to E.R.S.), a Smith 
Family New Investigator Award (to M.R.F.) from the Smith Family Foundation, 
and a grant from the Christopher and Dana Reeves Foundation (to M.R.F.). 
M.R.F. is an Alfred P. Sloan Research Fellow. 
The following work is reprinted from the Nature article of the same name 
published as: 
Ziegenfuss J.S., Biswas R., Avery M.A., Hong K., Sheehan A.E., Yeung Y.G., 
Stanley E.R., and Freeman M.R. Nature, June 12, 2008 – 453(7197):935-939 
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Abstract 
The cellular machinery promoting phagocytosis of corpses of apoptotic 
cells is well conserved from worms to mammals. An important component is the 
Caenorhabditis elegans engulfment receptor CED-1 (Zhou et al., 2001b) and its 
Drosophila orthologue, Draper (Freeman et al., 2003). The CED-1/Draper 
signalling pathway is also essential for the phagocytosis of other types of 
‘modified self’ including necrotic cells (Chung et al., 2000), developmentally 
pruned axons (Awasaki et al., 2006; Hoopfer et al., 2006) and dendrites (Williams 
et al., 2006), and axons undergoing Wallerian degeneration (MacDonald et al., 
2006). Here we show that Drosophila Shark, a non-receptor tyrosine kinase 
similar to mammalian Syk and Zap-70, binds Draper through an immunoreceptor 
tyrosine-based activation motif (ITAM) in the Draper intracellular domain. We 
show that Shark activity is essential for Draper-mediated signalling events in 
vivo, including the recruitment of glial membranes to severed axons and the 
phagocytosis of axonal debris and neuronal cell corpses by glia. We also show 
that the Src family kinase (SFK) Src42A can markedly increase Draper 
phosphorylation and is essential for glial phagocytic activity. We propose that 
ligand-dependent Draper receptor activation initiates the Src42A-dependent 
tyrosine phosphorylation of Draper, the association of Shark and the activation of 
the Draper pathway. These Draper-Src42A-Shark interactions are strikingly 
similar to mammalian immunoreceptor-SFK-Syk signalling events in mammalian 
myeloid and lymphoid cells (Fodor et al., 2006; Underhill and Goodridge, 2007). 
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Thus, Draper seems to be an ancient immunoreceptor with an extracellular 
domain tuned to modified self, and an intracellular domain promoting 
phagocytosis through an ITAM-domain-SFK-Syk-mediated signalling cascade. 
Introduction 
Developing tissues produce excessive numbers of cells and selectively 
destroy a subpopulation through programmed cell death to regulate growth. 
Rapid clearance of cell corpses is essential for maintaining tissue homeostasis 
and preventing the release of potentially cytotoxic or antigenic molecules from 
dying cells, and defects in cell corpse clearance are closely associated with 
autoimmune and inflammatory diseases(Fadok et al., 2001; Hengartner, 1999; 
Henson et al., 2001; Savill et al., 2002).  In C. elegans the CED-1 receptor is 
expressed in engulfing cells, where it acts to recognize cell corpses and drive 
their phagocytosis (Zhou et al., 2001b). CED-1 promotes engulfment through an 
intracellular NPXY motif, a binding site for proteins containing a phosphotyrosine-
binding (PTB) domain, and a YXXL motif, a potential interaction site for proteins 
containing SH2 domains (Zhou et al., 2001b). The PTB domain adaptor protein 
CED-6 can bind the NPXY motif of CED-1 (Su et al., 2002) is required for cell 
corpse engulfment (Liu and Hengartner, 1998) and acts in the same genetic 
pathway as CED-1 (Ellis et al., 1991).  CED-1 ultimately mediates actin-
dependent cytoskeletal reorganization through the Rac1 GTPase (Kinchen et al. 
2005), and Dynamin modulates vesicle dynamics downstream of CED-1 during 
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engulfment (Yu et al., 2006), but the molecular signalling cascade that allows 
CED-1 to execute phagocytic events remains poorly defined. 
Glia are the primary phagocytic cell type in the developing and mature 
brain. Glia rapidly engulf neuronal cell corpses produced during development, as 
well as neuronal debris generated during axon pruning (Awasaki and Ito, 2004; 
Watts et al., 2004) or during Wallerian degeneration in the adult brain 
(Aldskogius and Kozlova, 1998).  In Drosophila, glial phagocytosis of these 
engulfment targets requires Draper, the fly orthologue of CED-1 (Awasaki et al., 
2006; Freeman et al., 2003; Hoopfer et al., 2006; Williams et al., 2006). Draper, 
like CED-1, contains 15 extracellular atypical epidermal growth factor (EGF) 
repeats, a single transmembrane domain, and NPXY and YXXL motifs in its 
intracellular domain (Figure 2.1a) (Freeman et al., 2003). Drosophila Ced-6 is 
also required for the clearance of pruned axons (Awasaki et al., 2006) indicating 
possible conservation of the interaction between CED-1 and CED-6 in flies, but 
additional signalling molecules acting downstream of Draper have not been 
identified. 
Results 
In a yeast two-hybrid screen for molecules interacting with the regulatory 
region of Shark (Biswas et al., 2006; Ferrante et al., 1995), we identified Draper. 
We found that when LexA-Shark, constitutively active Src kinase and AD-Draper 
are present, Shark and Draper interact physically (Figure 2.1a). In the absence 
of Src kinase, Shark and Draper fail to interact, indicating that phosphorylation of  
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Figure 2.1: Shark binds an ITAM in the Draper intracellular domain 
a, Draper contains an ITAM domain from Y934-L952 (YXXI-X11-YXXL). The 
requirements for the five tyrosine residues within and adjacent to this domain 
(shown) and Src were assayed in the yeast two-hybrid system (Biswas et al., 
2006). 
b, Lysates from yeast cultures in a were tested in quantitative β-galactosidase (β-
Gal) assays. Error bars represent s.e.m.; n = 3; *, P < 0.05. c, S2 cells were 
transfected with pMT-Myc::Shark and pMT-Drpr-I constructs. Draper 
immunoprecipitates (IP) were analysed by western blotting (WB) with anti-
phosphotyrosine (pTyr), anti-Myc and anti-HA antibodies. Vec., vector. 
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Draper by Src may be essential for Shark-Draper interactions. We found that the 
Draper intracellular domain contains an ITAM (YXXI/L-X6-12-YXXL), a key domain 
found in many mammalian immunoreceptors including Fc, T-cell and B-cell 
receptors. SFKs phosphorylate the tyrosines in ITAM domains, thereby allowing 
ITAM association with SH2-domain-containing signal transduction proteins 
including Syk and Zap-70 (Berton et al., 2005; Underhill and Goodridge, 2007). 
We therefore generated Y→F substitutions of the tyrosine residues within or near 
the Draper ITAM, and found that Tyr 949 and Tyr 934 were critical for robust 
Draper-Shark binding (Figure 2.1a,b). These correspond to the consensus 
tyrosine residues in the predicted Draper ITAM (Figure 2.1a). We next 
transfected plasmids with carboxy-terminally haemagglutinin-tagged Draper 
(Draper-HA) or with Draper-HA and Shark with an amino-terminal Myc tag (Myc-
Shark) into Drosophila S2 cells, immunoprecipitated with anti-HA antibodies, and 
performed western blots with anti-phosphotyrosine, anti-Myc and anti-HA 
antibodies (Figure 2.1c). We found that Myc-Shark co-immunoprecipitated with 
Draper-HA, and that anti-phosphotyrosine antibodies labeled a band 
corresponding to the position of Draper-HA that was absent in empty vector 
controls. Further, we found that a Y949F substitution markedly reduced Draper-
Shark association (Figure 2.1c). Taken together, these data indicate Draper and 
Shark can associate physically through the Draper ITAM domain. 
We next sought to determine whether Shark is required for glial 
phagocytic activity in vivo. Severing adult Drosophila olfactory receptor neurons 
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(ORNs) initiates Wallerian degeneration of ORN axons. Antennal lobe glia 
surrounding these severed axons respond to this injury by extending membranes 
towards severed axons and engulfing degenerating axonal debris (MacDonald et 
al., 2006). These glia express high levels of Draper, and in draperΔ5 null mutants, 
glia fail to respond morphologically to axon injury, and severed axons are not 
cleared from the central nervous system (CNS) (MacDonald et al., 2006). Thus, 
both the extension of glial membranes to severed axons and the phagocytosis of 
degenerating axonal debris require Draper signalling. 
We explored whether Shark function in glia is essential for glial responses 
to axon injury by driving an upstream activating sequence (UAS)-regulated 
double-stranded RNA interference construct designed to target shark (sharkRNAi) 
with the glial-specific repo-Gal4 driver, severing ORN axons, and assaying the 
recruitment of Draper and green fluorescent protein (GFP)-labeled glial 
membranes to severed axons. Maxillary palp-derived ORN axons project to 6 of 
the roughly 50 glomeruli in the antennal lobe. Within hours after maxillary palps 
have been ablated in control animals, Draper immunoreactivity decorates 
severed axons projecting to (Figure 2.2a, arrow) and within maxillary palp ORN-
innervated glomeruli (Figure 2.2a,b), and GFP-labeled glial membranes are 
recruited to these severed axons (Figure 2.2c,d). Strikingly, knocking down 
Shark in glia completely suppressed these events (Figure 2.2). We next severed 
antennal ORN axons; these axons project to about 44 of the 50 antennal lobe 
glomeruli. Antennal ablation therefore injures nearly all glomeruli in the antennal  
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Figure 2.2: Shark is required for recruitment of Draper and glial membranes 
to severed axons 
a, Control animals (yw;+/UAS-sharkRNAi) and those with glia-specific knockdown 
of shark (yw;repo-Gal4/UAS-sharkRNAi) were assayed for expression of Draper 
(red). Glial nuclei were stained with Repo (blue). Left, uninjured; centre, maxillary 
palp ablation (day 1); right, antennal ablation (day 1). Outlined, example of a 
maxillary palp-innervated glomerulus; arrow, nerve containing severed maxillary 
palp ORN axons; open arrowhead, antennal lobe glial cell; boxes, areas 
quantified in b. b, Quantification of data from a. Error bars represent s.e.m.; n ≥ 
10. c, Glial membranes were labeled in control (yw;UAS-GFPS65T/+;repo-
Gal4/+) or glial sharkRNAi animals (yw;UAS-GFPS65T/+;repo-Gal4/UAS-
sharkRNAi) and assayed for morphology before or after injury (panel order as in a). 
Outlined, maxillary palp-innervated glomerulus; arrow, nerve containing severed 
maxillary palp ORN axons; boxes, areas used to quantify glial hypertrophy in d. 
d, Quantification data from c. Error bars represent s.e.m.; n ≥ 10. 
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lobe and results in the majority of antennal lobe glia in control animals 
upregulating Draper (Figure 2.2a,b, open arrowhead) and undergoing 
hypertrophy (Figure 2.2c,d). We found that knocking down Shark in glia also 
blocked this glial response to axon injury (Figure 2.2). Thus, Shark is essential 
for all axon-injury-induced changes in glial morphology and Draper expression. 
To determine whether Shark is required for glial phagocytosis of severed axons 
we labeled a subset of maxillary palp ORN axons with mCD8::GFP, knocked 
down Shark function in glia, and assayed the clearance of severed axons. In 
control animals severed GFP-labeled ORN axonal debris was cleared from the 
CNS within 5 days (Figure 2.3a,b). In contrast, glial-specific sharkRNAi potently 
suppressed the clearance of degenerating axons, with severed axons lingering in 
the CNS for at least 5 days (Figure 2.3a,b). We then examined whether 
mutations in the shark gene affected the glial clearance of degenerating axons. 
The null allele of shark, shark1, is pupal lethal (Fernandez et al., 2000). We 
therefore assayed glial responses to axon injury in shark1 heterozygous mutants, 
and tested for dominant genetic interactions between draperΔ5 and shark1. We 
found that both draperΔ5/+ and shark1/+ animals showed defects in glial 
phagocytic function: 5 days after injury, significant amounts of axonal debris 
remained within OR85e-innervated glomeruli (Figure 2.3c,d) and in the maxillary 
nerve (Figure 2.3c,e). Moreover, shark1/+; draperΔ5/+ animals showed a striking 
suppression of glial clearance of severed axons almost equivalent to that of 
draperΔ5 mutants (Figure 2.3c,e). Thus, shark mutations dominantly suppress  
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Figure 2.3: Shark is required for glial clearance of severed axons from the 
CNS 
a, The axons of OR85e-expressing ORNs were labeled with mCD8::GFP in 
control (yw;OR85e-mCD8::GFP/+;repo-Gal4/+) and glial sharkRNAi (yw;OR85e-
mCD8::GFP/+;repo-Gal4/UAS-sharkRNAi) animals, maxillary palps were ablated, 
and the clearance of severed ORN axons from the CNS was assayed with anti-
GFP antibody stains (green). Maxillary nerves are indicated (arrowheads). b, 
Quantification of data from a. Error bars represent s.e.m.; n ≥ 10. c, OR85e-
expressing ORN axons were labelled in control (yw;OR85e-mCD8::GFP/+) 
animals and in shark1 or draperΔ5 null mutant backgrounds, maxillary palps were 
ablated, and clearance was assayed at 5 days. d, Quantification of data from c. 
Error bars represent s.e.m.; n ≥ 10; *, P < 0.05; **, P < 0.001; ***, P < 0.0001. e, 
Quantification of brain hemispheres containing GFP-labelled ORN axonal debris 
along the maxillary nerve for genotypes described in c. 
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Figure 2.3 
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the glial clearance of degenerating ORN axons, and this phenotype is strongly 
enhanced by removing one copy of draper. These data, taken together with our 
sharkRNAi data, show that Shark is essential for the clearance of degenerating 
axons by glia. 
Is Shark required for the glial clearance of neuronal cell corpses?  In 
embryonic stage 14-15 control animals we found 24.4 cell corpses per 
hemisegment (Table 2.1). In contrast, we found that shark1 null mutants showed 
a marked increase in CNS cell corpses, with null mutants containing almost twice 
as many corpses per hemisegment (43.3 cell corpses per hemisegment; Table  
2.1). shark1/Df(2R)6063 mutants accumulated cell corpses at levels similar to 
those in shark1, indicating that this phenotype maps to shark. These cell corpse 
engulfment phenotypes are indistinguishable from that of draperΔ5 mutants (38.5 
± 1.68 cell corpses per hemisegment; Table 2.1). We conclude that Shark, like 
Draper, is also essential for the efficient clearance of embryonic neuronal cell 
corpses by glia. 
Because we found that Shark binds Draper only in the presence of an 
active Src kinase in our two-hybrid assays, we screened Drosophila Src kinases 
for roles in glial phagocytic activity. Interestingly, we found that glia-specific 
knockdown of Src42A (src42ARNAi) potently suppressed glial phagocytic activity: 
in src42ARNAi animals, Draper was not recruited to severed maxillary palp axons 
(Figure 2.4a,b); glial hypertrophy and upregulation of Draper after antennal 
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Genotype Cell corpses per hemisegment Hemisegments, n 
yw;+/+ 24.4±0.91) 52 
yw;shark1 43.3±1.88) 50 
yw;shark1/+ 25.8±0.80) 54 
yw;Df(2R)6063 39.0±2.07) 51 
y w;Df(2R)6063/+ 24.6±0.68) 51 
y w;Df(2R)6063/shark1 46.5±1.52) 41 
y w;draperΔ5 38.5±1.68) 52 
Table 2.1: Quantification of cell corpse engulfment defects in shark and 
draper mutants 
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ablation was blocked (Figure 2.4a,c); and GFP-labeled severed axons lingered 
in the CNS for 5 days (Figure 2.4d,e). Knockdown of two other Drosophila Src 
kinases, Btk29A and Src64B, had no effect on the glial phagocytosis of severed 
axons (Figure 2.S1). Thus, Src42A seems to be essential for all morphological 
responses of glia to axon injury and for the efficient clearance of degenerating 
axonal debris from the CNS. 
We predicted that Draper phosphorylation status should be sensitive to 
the SFK inhibitor PP2. Indeed, addition of PP2 to S2 cultures led to a decrease in 
the phosphorylation of Draper (Figure 2.4f, lanes 3 versus 4, 5 versus 6, 7 
versus 8, and 10 versus 11) and Draper-Shark association (Figure 2.4f, lanes 
5 versus 6, and 10 versus 11). Strikingly, co-transfection of Draper and Src42A 
led to a marked increase in Draper phosphorylation (Figure 2.4f, lane 7), which 
was PP2-sensitive (Figure 2.4f, lane 8) and Draper-specific (Figure 2.4f, lane 
9). Draper-Shark interactions are not dependent on Shark kinase activity 
because kinase-dead Shark (Shark K698R) associates with Draper (Figure 2.4f, 
lane 10). These data indicate that Src42A may phosphorylate the Draper 
intracellular domain, thereby increasing the association of Shark with Draper and 
the activation of downstream glial phagocytic signalling. 
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Figure 2.4: Src42Aa is required for glial responses to axon injury and 
modulates Draper phosphorylation status 
a, Control animals (yw;UAS-src42ARNAi/+, no driver) and those with glia-specific 
knockdown of src42A (yw;UAS-src42ARNAi/+;repo-Gal4/+) were assayed for 
injury-induced changes in glial Draper expression and for recruitment of Draper 
to severed axons (red). b, c, Quantification of data from a for palp-innervated 
glomeruli (b) and antennal lobe glia (c). Error bars represent s.e.m.; n ≥ 10. d, 
The axons of OR85e-expressing ORNs were labeled with mCD8::GFP in control 
(yw;OR85e-mCD8::GFP/+) and glial src42ARNAi (yw;OR85e-mCD8::GFP/UAS-
src42ARNAi;repo-Gal4/+) animals, maxillary palps were ablated, and the clearance 
of severed ORN axons from the CNS was assayed with anti-GFP antibody stains 
(green) 5 days after injury. e, Quantification of data from d. Error bars represent 
s.e.m.; n ≥ 10. f, S2 cells were co-transfected with pMT-HA::Draper, pMT-
Myc::Shark, pMT-Flag::Src42A, pMT-Myc::Shark K698R (kinase-dead) and pMT 
vector. After transfection and expression, some cells were incubated for 60 min 
with the SFK inhibitor PP2 (10 μM) before cell lysis. Anti-Draper and IgG control 
immunoprecipitates (IP) from cells were analyzed by SDS-PAGE and western 
blotted (WB) with antibodies against pTyr, Draper, Myc and Flag. 
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Figure 2.4 
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Supplementary Figure 2.S1: RNAi knockdown of Src64B or Btk29A does 
not affect glial responses to axon injury or clearance of severed axons 
from the CNS 
a. Control animals (y w) and those with glial specific knock-down of Src64B (y 
w/UASsrc64BRNAi;repo-Gal4/+) or Btk29A (y w; UAS-btk29ARNAi/+;repo-
Gal4/+) were assayed for injury-induced changes in glial Draper expression, and 
recruitment of Draper to severed axons (red). Right, quantification; error bars 
represent ± S.E.M.; n>10. 
b. OR85e+ ORN axons were labeled with mCD8::GFP in control (y w; 
OR85emCD8::GFP/+;repo-Gal4/+) and glial Src64BRNAi (y w; OR85e-
mCD8::GFP/+; repo-Gal4/UAS-src64BRNAi) and Btk29ARNAi (y w; OR85e-
mCD8::GFP/+; repo-Gal4/UASbtk29ARNAi)animals, maxillary palps were 
ablated, and clearance of severed ORN axons from the CNS was assayed with  
α-GFP antibody stains (green) 5 days after injury. Right, quantification; error bars 
represent ± S.E.M.; n>10. 
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Supplemental Figure 2.S1 
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Discussion 
Based on the above observations, we propose that Shark and Src42A are 
novel components of the Draper signaling pathway and mediates key signaling 
events downstream of the Draper receptor.  We have shown that Shark and 
Draper physically interact through an ITAM domain that is present in the Draper 
intracellular domain.  Moreover, in vivo, we have demonstrated that Shark 
function in glia is essential for glial morphological responses to axon injury, glial 
phagocytosis of degenerating axons in the CNS, and for clearance of neuronal 
cell corpses from the embryonic CNS.  Shark represents the first signaling kinase 
known to interact with Draper.  Shark is most similar to mammalian Zap-70 and 
Syk, which binds Src family kinase-phosphorylated ITAM domains found in B cell 
receptors (Monroe, 2006), T cell receptors (Pitcher and van Oers, 2003), and 
phagocytic Fc receptors (Cox and Greenberg, 2001).  In the case of Fc 
receptors, this association and downstream signaling events can drive 
phagocytosis of antibody-bound pathogens.  One potential model for Draper-
Shark-Src42A interactions is that Shark and Src42A drive the recruitment of 
Draper to engulfment targets. However, CED-1 has been shown to cluster 
around cell corpses even in the absence of its intracellular domain (Zhou et al., 
2001b). Moreover, Zap-70 and Syk bind phosphorylated ITAM domains in 
mammalian immunoreceptors when ITAM domains are phosphorylated by Src 
after ligand-dependent receptor clustering (Cox and Greenberg, 2001; Monroe, 
2006; Pitcher and van Oers, 2003).  We therefore favour a model in which the 
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engagement of Draper with its ligand (presumably presented by engulfment 
targets) promotes receptor clustering, tyrosine phosphorylation of Draper by 
Src42A, association of Shark, and activation of downstream phagocytic signalling 
events. Our work suggests that Draper is an ancient immunoreceptor in which 
the extracellular domain is tuned to recognize modified self and the intracellular 
domain signals through ITAM-Src-Syk-mediated mechanisms. This is the first 
identification of ITAM-Src-Syk signalling in invertebrates, and it suggests that a 
pathway similar to Draper-Ced-1 may ultimately have given rise to ITAM-based 
signalling cascades in mammalian myeloid and lymphoid cells, including those 
regulated by Fc, B-cell and T-cell receptors. 
Materials and Methods 
Molecular Biology and Transgenics 
To generate the sharkRNAi construct we amplified a 522-base-pair shark 
cDNA fragment (nucleotides 577-1098) from the BDGP complementary DNA 
LD41606, placing a 5′ NheI site and 3′ XbaI site, and cloned this into the NheI 
and XbaI sites in the pWiz UAS-RNAi vector to generate psharkRNAi-3. We next 
amplified the same 522-base-pair shark fragment but placed a 5′ XhoI site and 3′ 
BglII site, and cloned this fragment into psharkRNAi-3, to generate pUAS-
sharkRNAi. The OR85e-mCD8::GFP line (Couto et al., 2005) was a gift from B. 
Dickson. Transgenic Drosophila strains were generated by standard methods. 
The UAS-src42A, UAS-src64B and UAS-btk29A RNAi lines were obtained from 
the Vienna Drosophila Resource Center. The two-hybrid system used to identify 
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Draper and the methods used to study its interaction in S2 cells have been 
described previously (Biswas et al., 2006). The Shark SH2-Ank-SH2-PRB region 
was fused to the DNA-binding domain (LexA) in the pGilda plasmid without Src 
(LexA-Shark) or with Src (LexA-Shark/Src). The activation domain (AD) in 
pB42AD was fused to the Draper intracellular domain (AD-Drpr) or to different 
Y→F Draper mutations (AD-DrprYnnnF). Transformed yeast were plated on Leu- 
plates for screening Leu-positive colonies. The anti-Draper antiserum used for 
immunoprecipitations was prepared by immunization of rabbits with GST fused to 
amino-acid residues 385-594 of the intracellular domain of Draper II. 
Nerve Injury Assays and Cell Corpse Quantification 
Wallerian degeneration of ORN axons and quantification of clearance of 
axonal debris were performed as described previously (MacDonald et al., 2006).  
ORN axon injury was induced by bilateral surgical ablation of third antennal 
segments and/or maxillary palps. After injury, animals were transferred to fresh 
food vials and aged at 25 °C. Quantification of cell corpses was performed as 
described previously (Freeman et al., 2003). 
Yeast Two-Hybrid Screen  
The yeast two-hybrid screen was performed in accordance with the 
manufacturer’s instructions (Matchmaker Kit; Clontech). The cDNA encoding 
residues 10-468 of Shark was subcloned into the pGilda vector at the Smal and 
BamH1 sites to create the pLexA-Shark bait. To create the pLexA-Shark/Src bait 
encoding activated c-Src kinase driven by the ADH1 promoter, the cDNA 
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encoding an activated c-Src-kinase domain was excised from the BTM116-Src 
vector(Keegan and Cooper, 1996; Lioubin et al., 1996) as a BamH1 fragment 
and subcloned into pLexA-Shark at the Sac1 site. A cDNA library from 
Drosophila embryos 0-21 h old cloned into pB42AD (Clontech) was used as the 
prey. The bait and prey plasmids were co-transformed into the Saccharomyces 
cerevisiae EGY48 (p8op-LacZ) host strain that carries LEU2 and lacZ under the 
control of LexA operators. Approximately 5 × 106 co-transformants were 
screened on Ura-, His-, Trp-, Leu-, 5-bromo-4-chloro-3-indolyl-β-d-galactoside 
plates. Seventeen independent transformants activated both the lacZ and LEU2 
reporter genes. The pB42AD plasmids were individually isolated from each of the 
yeast transformants and sequenced. Three different overlapping sequences 
represented in 15 clones encompassed the Drpr I intracellular domain. 
Schneider Cell Experiments  
Drosophila Schneider (S2) cells were grown at room temperature (21 °C) 
in Schneider medium (Invitrogen) containing 10% fetal bovine serum (Invitrogen). 
cDNAs encoding Shark and Src42A, amino-terminally tagged with Myc and Flag, 
respectively, and Draper-1 and Draper-1 Y949F, carboxy-terminally tagged with 
HA, were cloned into the metallothionein promoter pMT/V5-His A vector 
(Invitrogen). For transfection, cells were plated in six-well plates (Falcon 3046; 2 
× 106 cells per well; 2 ml) and cultured for 24 h. Cells were transfected with 2 μg 
of DNA per construct per well with the calcium phosphate procedure. The total 
DNA per transfection was kept constant by the addition of pMT vector DNA. After 
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15 h, induction of expression was initiated by the addition of 10 μl of 100 mM 
CuSO4 to each well and an additional 24-48 h was allowed for expression. Cells 
were harvested, lysed by vortex-mixing in 1% Nonidet P40, 10 mM Tris-HCl, 50 
mM NaCl, 30 mM Na4P2O7, 50 mM NaF, 100 μM Na3VO4, 5 μM ZnCl2, 1 mM 
benzamidine, 10 μg ml-1 leupeptin and 10 μg ml-1 aprotinin pH 7.2 at 4 °C, and 
centrifuged at 13,000g for 20 min; the supernatants were used for 
immunoprecipitation (Li et al., 1991). Immunoprecipitates were washed six times 
with lysis buffer without leupeptin and aprotinin and the immunoprecipitated 
proteins were eluted with SDS sample buffer and subjected to 7.5% SDS-PAGE, 
transfer and western blotting. 
Immunolabelling and Confocal Microscopy  
Heads were severed from adult animals and fixed (1 × PBS/4% 
formaldehyde/0.1% Triton X-100) at room temperature for 20 min. Samples were 
then washed five times in PTx (1 × PBS/0.1% Triton X-100), brains were 
dissected at room temperature, and tissues were post-fixed (1 × PBS/4% 
formaldehyde/0.1% Triton X-100) for 15 min. Samples were then washed five 
times in PTx, blocked in PBTx (1 × PBS/0.1% Triton X-100/1% BSA) for 30 min 
and incubated overnight with primary antibodies in PBTx. The next day, samples 
were washed five times in PBTx, incubated with secondary antibodies (in PBTx) 
for 2 h at room temperature, washed five times with PBTx, and finally mounted in 
Bio-Rad antifade reagent. 
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Primary antibodies were used at the following dilutions: mouse anti-Repo, 
1:10; rabbit anti-Draper, 1:500; mouse anti-GFP (Invitrogen), 1:500. Secondary 
antibodies (Jackson Immunoresearch) used for immunofluorescence were used 
at a dilution of 1:250; samples were mounted in Bio-Rad antifade reagent and 
viewed on a Zeiss LSM5 Pascal confocal microscope. For all experiments the 
entire antennal lobe was imaged in 1-2-μm steps and scored for relevant 
phenotypes. In experiments in which GFP or Draper intensity in different genetic 
backgrounds was quantified, samples were fixed and stained side by side, and 
we imaged them at the same time with standardized confocal settings for each 
series of experiments. Quantification of fluorescence intensity was performed on 
single Z sections in either the centre of the relevant glomerulus, at the same 
position of the maxillary nerve, or at the same dorsal position at the edge of the 
antennal lobe, with ImageJ software (http://rsb.info.nih.gov/ij/). 
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CHAPTER III: Distinct molecular pathways mediate glial activation and 
engulfment of axonal debris after axotomy 
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Abstract 
Glial cells efficiently recognize and clear cellular debris after nervous 
system injury to maintain brain homeostasis, but pathways governing glial 
responses to neural injury remain poorly defined.  We identify the Drosophila 
guanine-nucleotide exchange factor (GEF) complex Crk/Mbc/dCed-12, and the 
small GTPase Rac1 as novel modulators of glial clearance of axonal debris.  We 
show Crk/Mbc/dCed-12 and Rac1 function in a non-redundant fashion with the 
Draper pathway—loss of either pathway fully suppresses clearance of axonal 
debris.  Draper signaling is required early during glial responses, promoting glial 
activation, which includes increased Draper and dCed-6 expression and 
extension of glial membranes to degenerating axons.  In contrast, the 
Crk/Mbc/dCed-12 complex functions at later phases promoting glial phagocytosis 
of axonal debris.  Our work identifies new components of the glial engulfment 
machinery and shows that glial activation, phagocytosis of axonal debris, and 
termination of responses to injury are genetically separable events mediated by 
distinct signaling pathways.  
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Introduction 
Nervous system injury or disease can lead to the production of significant 
amounts of neural waste material including neuronal cell corpses, as well as 
axonal, dendritic, and synaptic debris.  In the mammalian CNS microglia and 
astrocytes are extraordinarily sensitive to neuronal health and in response to 
neurodegeneration undergo reactive gliosis, a process whereby glia invade the 
injury site and clear degenerating neural debris (Block et al., 2007; Cuadros and 
Navascues, 1998; Marin-Teva et al., 1999; Parnaik et al., 2000; Sofroniew, 
2009).  Rapid clearance of neuronal debris is thought to be essential to maintain 
brain health, suppress inflammation or autoimmunity, and promote functional 
recovery (Lalancette-Hebert et al., 2007; Neumann et al., 2009; Savill et al., 
2002).  Rapid disposal of neuronal debris is also critical for synaptic plasticity: 
suppressing clearance of axonal/synaptic debris at the Drosophila NMJ potently 
suppresses synaptic expansion (Fuentes-Medel et al., 2009).  Despite 
widespread phagocytic roles for glia in the brain, we know surprisingly little about 
how neuronal debris is recognized, internalized and degraded by engulfing glial 
cell types (Logan and Freeman, 2007; Luo and O'Leary, 2005). 
Molecular insights into cell corpse clearance came from studies of cell 
death abnormal (ced) mutants in C. elegans (Kinchen and Ravichandran, 2007; 
Reddien and Horvitz, 2004).  Two partially redundant pathways together promote 
the clearance of cell corpses during development and in the germline.  In one 
pathway, CED-2, CED-5, and CED-12 act upstream of the small GTPase CED-
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10 (Rac1 in mammals) to promote cytoskeletal reorganization and corpse 
engulfment (Hasegawa et al., 1996; Zhou et al., 2001a).  Subsequent work on 
the mammalian orthologs of CED-2/CED-5/CED-12, CrkII/Dock180/Elmo, 
revealed this complex acts as a novel guanine nucleotide exchange factor (GEF) 
that activates Rac1 (Brugnera et al., 2002; Gumienny et al., 2001). In a second 
parallel genetic pathway CED-1 and CED-6 also promote the removal of cell 
corpses.  CED-1 is a transmembrane receptor thought to act in corpse 
recognition (Zhou et al., 2001b), degradation (Yu et al., 2008), and through 
association with the PTB-domain protein CED-6 (Liu and Hengartner, 1998) 
activate engulfment.  Loss of the CED-2/CED-5/CED-12 or CED-1/CED-6 
pathway leads to a partial suppression of cell corpse engulfment, while 
simultaneous inactivation of both pathways suppresses clearance of cell corpses 
much more strongly (Reddien and Horvitz, 2004).  
The Drosophila ortholog of ced-1, draper, is required in embryonic glia for 
glial clearance of the neuronal cell corpses generated during embryonic 
neurogenesis (Freeman et al., 2003).  However roles for Draper in recognizing 
and engulfing neural debris in Drosophila have now been extended to 
developmentally pruned axons (Awasaki et al., 2006; Hoopfer et al., 2006) and 
dendrites (Williams et al., 2006), shed presynaptic NMJ debris (Fuentes-Medel et 
al., 2009), and axons undergoing Wallerian degeneration (MacDonald et al., 
2006).  Drosophila CED-6 (dCed-6) and the Src family signaling cascade 
composed of the non-receptor tyrosine kinases Src42a and Shark act 
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downstream of Draper to activate engulfment events (Doherty et al., 2009; 
Ziegenfuss et al., 2008). The closest mammalian sequence orthologs of Draper, 
Jedi-1 and MEGF10, are expressed in the precursors of dorsal root ganglion 
satellite glial cells where they modulate glial clearance of cell corpses (Wu et al., 
2009).  Thus, at the level of Draper signaling, the molecular mechanisms by 
which glia recognize and engulf neural debris appear well-conserved.   
Loss of Draper signaling blocks all glial responses to axon injury in vivo—
even initial activation, which entails up-regulation of engulfment genes and 
extension of glial membranes to injury sites (Doherty et al., 2009; MacDonald et 
al., 2006; Ziegenfuss et al., 2008).  These observations argue for an early role for 
Draper in activating glial responses to brain injury.  How later steps in glial 
responses to axon injury are regulated (e.g. phagocytosis of axons and 
termination of glial responses) remains less clear.  Here we explore the role of 
the Drosophila orthologs of the CED-2/CED-5/CED-12 complex, CED-10, 
Crk/Mbc/dCed-12 and Rac1 in Wallerian degeneration.  We show that each of 
these molecules are required for clearance of degenerating axonal debris, and 
the Draper and Crk/Mbc/dCed-12 pathways act in a non-redundant fashion.  We 
demonstrate each pathway acts at different temporal phases during glial 
response to brain injury: Draper is required for glial activation during very early 
glial responses to axotomy, while the Crk/Mbc/dCed-12 complex is specifically 
required for activation of the glial phagocytic phenotype, a later stage of the glial 
response.  These data shed new light on the function of these well-conserved 
75 
 
signaling pathways in modulating glial responses to axotomy, and demonstrate 
that glial recruitment to degenerating axons and phagocytosis of axonal debris 
are genetically separable events mediated by distinct molecular pathways. 
Results 
Crk/Mbc/dCed-12 and Draper drive Engulfment of Axon Debris 
To identify new genes governing glial responses to brain injury we 
explored the role of the GEF complex Crk/Mbc/dCed12 and the small GTPase 
Rac1 in glial clearance of axons undergoing Wallerian degeneration.  We labeled 
olfactory receptor neurons (ORNs) with GFP (GFP+, using OR85e-mCD8::GFP), 
knocked down crk, mbc, dced12 and rac1 in glial cells using the glial-specific 
repo-Gal4 driver and gene-specific UAS-RNAi constructs, severed ORN axons, 
and assayed degeneration and clearance of GFP+ axons.  Strikingly, glial-
specific knockdown of either crk, dced12, or rac1 potently suppressed clearance 
of axonal debris, with the vast majority persisting at 5, 10, 15 and even 30 days 
after axotomy (Figure 3.1a,b).  Similar results were found with additional UAS-
crkRNAi and UAS-rac1RNAi lines (Figure 3.S1a,b).  Glial knockdown of mbc 
resulted in lethality, necessitating our use of adult- and cell type-specific 
knockdown of mbc in glia to assay its function (see below).  Severed axons 
fragmented within 1 day after axotomy in crkRNAi, dced12RNAi, and rac1RNAi 
backgrounds, indicating their depletion in glia does not affect fragmentation of 
axons.  Clearance of degenerating axons occurred normally in RNAi-alone  
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Figure 3.1:  Drosophila Crk, dCed-12, and Rac1 are required for glial 
clearance of severed axons from the CNS 
(a) OR85e-expressing ORNs were labeled with mCD8::GFP in control 
(w;OR85e-mCD8::GFP/+; repo-Gal4/+) and glial RNAi for crkRNAi (w;OR85e-
mCD8::GFP/UAS-crk19061RNAi; repo-Gal4/+), dced-12RNAi (w;OR85e-
mCD8::GFP/+; repo-Gal4/UAS-dced-1210455RNAi), and rac1RNAi (w, UAS-
rac149247RNAi/+ ;OR85e-mCD8::GFP/+; repo-Gal4/+).  Maxillary palps were 
bilaterally ablated and clearance of axonal debris from the CNS was assayed 
with anti-GFP antibody stains (green) 1, 5, 10, 15, and 30 days after injury.  
(b) Normalized quantification of data to control from (a) Error bars represent 
s.e.m.; n>10 for all. 
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Supplementary Figure 3.S1:  Additional Crk and Rac1 RNAi constructs 
block glial engulfment of axonal debris 
(a) The axons of OR85e-expressing ORNs were labeled with mCD8::GFP in 
control (w;OR85e-mCD8::GFP/+;repo-Gal4/+) and glial crkRNAi (w;OR85e-
mCD8::GFP/UAS-crk106498RNAi;repo-Gal4/+) or rac1RNAi (w;OR85e-
mCD8::GFP/UAS-rac149246RNAi;repo-Gal4/+) animals.  Maxillary palps were 
ablated or left uninjured, and the clearance of severed ORN axons from the CNS 
was assayed with anti-GFP antibody stains (green) 15 days after injury.  
(b) Normalized quantification to uninjured cohorts from (a) Error bars represent 
s.e.m.; n>10 for all; ***,p<0.0001. 
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controls (Figure 3.S2a,b).  Thus depletion of glial Crk, dCed-12, or Rac1 is 
sufficient to block clearance of degenerating axons for weeks after axotomy.   
draper null mutations are known to suppress glial clearance of 
degenerating axons 5 days after injury, but whether clearance of severed axons 
is simply delayed in draper null mutants, as in developmental axon pruning 
(Awasaki et al., 2006; Hoopfer et al., 2006), or completely blocked is unknown.  
We therefore assayed axon clearance in draper animals at 5, 10, and 27 days 
after axotomy.  Remarkably, the majority of axonal debris remained in draper∆5 
mutants even 27 days after axotomy (Figure 3.S3a,b).  Thus Draper is 
absolutely required for clearance of severed axons in the adult brain.  Since we 
observe a near complete suppression of axon clearance when either pathway is 
perturbed, our results indicate that Draper signaling and Crk/dCed-12 act in a 
non-redundant fashion during glial engulfment of severed axons.  
 To provide genetic evidence in support of a role for Crk/Mbc/dCed12 and 
Rac1 in glial engulfment activity, we next assayed the effects of loss of function 
mutants for these genes on glial engulfment function.  Null alleles of mbc, dced-
12, and rac1 are lethal during development, precluding an analysis of loss of 
function mutants at adult stages.  We therefore assayed for dominant genetic 
interactions between these loci in axotomy assays.  Axonal debris was cleared 
normally mbcC1/+, rac1J11/+, or dced-12KO/+ animals, indicating that none of 
these mutations dominantly affect clearance of degenerating ORN axons (Figure 
3.2a,b).  However, we observed a modest, but significant delay in axon 
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Supplementary Figure 3.S2:  Additional negative controls, including 
GFPRNAi, showing normal and efficient clearance of severed axon debris 
(a) The axons of OR85e-expressing ORNs were labeled with mCD8::GFP in 
control (w;OR85e-mCD8::GFP/+) and glial GFPRNAi (w;OR85e-mCD8::GFP/UAS-
GFPRNAi;repo-Gal4/+) animals. Glial RNAis for shark6BRNAi, mbc16044RNAi, 
crk19061RNAi, dced-1210455RNAi, or rac149247RNAi animals were crossed to the 
background (w;OR85e-mCD8::GFP/+).  Maxillary palps were ablated and 
clearance of axonal debris from the CNS was assayed with anti-GFP antibody 
stains (green) 5 days after injury. 
 (b) Normalized quantification to uninjured cohorts from (a).; Error bars represent 
s.e.m.; n>10. 
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Supplementary Figure 3.S3:  Axonal debris persists for weeks after 
axotomy in draper mutants 
(a) OR85e-expressing ORNs were labeled with mCD8::GFP in control 
(w;OR85e-mcd8::GFP/+) and draper null (w;OR85e-mCD8::GFP/+; 
draper∆5/draper∆5) animals.  Maxillary palps were ablated and clearance of 
axonal debris from the CNS was assayed with anti-GFP antibody stains (green) 
5, 10, and 27 days after injury. Representative confocal Z-stacks are shown.  
(b) Normalized quantification to uninjured cohorts from (a) Error bars represent 
s.e.m.; n>10 for all. 
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Figure 3.2:  mbc, dced-12, and rac1 mutants exhibit dominant genetic 
interactions in ORN axon clearance assays 
(a) OR85e-expressing ORN axons were labeled in control (w;OR85e-
mCD8::GFP/+) animals and in mbcC1, dced-12KO, or rac1J11 heterozygous mutant 
backgrounds, maxillary palps were ablated, or left uninjured, and clearance of 
axons was assayed after 5 days (anti-GFP, green).  
(b) Normalized quantification of data to uninjured cohorts from (a) Error bars 
represent s.e.m.; n>10; *** p<0.0001. 
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clearance in transheterozygous mutant combinations of mbcC1/rac1J11, dced-
12KO/+; mbcC1/+, and dced-12KO/+; rac1J11/+.  Moreover, in the triple 
transheterozygote dced-12KO/+; mbcC1/rac1J11 animals, we found that ~60% of 
axonal debris remained in the brain 5 days after axotomy (Figure 3.2a,b).  These 
data, coupled with our glial-specific RNAi data for crk, dced-12, mbc and rac1, 
indicate that Crk/Mbc/dCed12 and Rac1 function together in glial cells to promote 
clearance of degenerating axons from the brain. 
Crk/Mbc/dCed-12 promote Axon Debris Clearance in the Adult 
Driving RNAis with repo-Gal4 results in chronic knockdown of the RNAi-
targeted gene throughout development, raising the possibility that glial 
engulfment defects could be developmental in origin.  Indeed we found that 
driving UAS-mbcRNAi or a UAS-regulated dominant negative version of Rac1, 
UAS-rac1N17, with repo-Gal4 resulted in pupal lethality.  We therefore performed 
adult-specific RNAi for crk, mbc, dced-12, and rac1, and also drove adult-specific 
expression of UAS-rac1N17.  We generated lines bearing each of these UAS-
regulated transgenes, repo-Gal4 and tub-Gal80ts.  In tub-Gal80ts animals, Gal80ts 
suppresses the Gal4-dependent expression of UAS-regulated constructs at 
18°C.  However at 30°C, Gal80ts is inactivated, Gal4 activity is de-repressed, and 
UAS-regulated constructs are activated.  We raised the above animals at 18°C, 
shifted them to 30°C for one week after eclosion, and performed axotomy 
assays.  We found that adult-specific glial knockdown of mbc, crk, dced-12, or 
rac1 with RNAi constructs, or expressing racN17 in mature glia led to a robust 
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suppression of glial clearance of axonal debris (Figure 3.S4a,b).  These data 
indicate that Crk, Mbc, dCed-12, and Rac1 function during adult stages in glia to 
promote engulfment of degenerating axons. 
 There are two primary subtypes of neuropil-associated glial cells in the 
adult brain antennal lobe.  Ensheathing glia express components of the Draper 
signaling pathway and are essential for clearance of degenerating ORN axons.  
Astrocyte-like glia are also present in the adult brain, but these do not express 
Draper, nor do they respond morphologically to ORN axon injury (Doherty et al., 
2009).  We used drivers specific to ensheathing (mz0709-Gal4) or astrocyte-like 
(alrm-Gal4) glia to drive crk, mbc, dced-12, and rac1 RNAi constructs and 
assayed ORN axon clearance after axotomy.  Ensheathing glia-specific 
knockdown of each of these genes strongly suppressed clearance of axonal 
debris, while knockdown in astrocyte-like glia had no effect (Figure 3.S4c,d).  
We next drove expression of mbcRNAi, crkRNAi, dced-12RNAi, rac1RNAi, or sharkRNAi 
(i.e. to block the Draper pathway) in ensheathing glia using the additional 
ensheathing glia-specific TIFR-Gal4 driver and observed a strong suppression of 
glial clearance of degenerating axons (Figure 3.S5a,b).  We conclude that all 
components of the Crk/Mbc/dCed-12 GEF complex and Rac1 are required in 
ensheathing glia for clearance of degenerating axons from the brain.      
 To determine whether the GEF complex composed of Crk/Mbc/dCed-12 
might be dynamically recruited to severed axons after axotomy, we assayed 
localization of dCed-12 during glial responses to axon injury. dCed-12  
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Supplementary Figure 3.S4: Crk, dCed-12, Mbc, and Rac1 function in 
mature ensheathing glia to promote axon clearance 
(a) Axons of OR85e-expressing ORNs were labeled with mCD8::GFP in control 
animals (w;OR85e-mCD8::GFP/+;UAS-tub-Gal80ts/+ with the indicated UAS-
RNAi or UAS-rac1N17 and no driver).   Crk, dCed-12, and Mbc were conditionally 
knocked down in adult brain glia by driving crk19061RNAi, dced-1210455RNAi, 
mbc16044RNAi, rac149247RNAi, or rac1N17 animals (in the background w;OR85e-
mCD8::GFP/UAS-tub-Gal80ts;repo-Gal4/+).  Animals were raised at 18°C until 
eclosion then maintained at 30°C for 7 days, at which point maxillary palps were 
ablated, and the clearance of severed axons was assayed 5 days later with anti-
GFP (green). 
(b) Normalized quantification to control from (a), Error bars represent s.e.m.; 
n>10 for all; *** p<0.0001.  
(c) Crk, dCed-12, Mbc, and Rac1 function was knocked down in subsets of 
neuropil-associated glia using the ensheathing glial driver, mz0709-Gal4 or 
astrocytic glial driver, alrm-Gal4.  Axon clearance was assayed in control animals 
(w;OR85e-mCD8::GFP/+;mz0709-Gal4/+ or w;OR85e-mCD8::GFP/+;alrm-
Gal4/+) and glial RNAi’s for crk19061RNAi, dced-1210455RNAi, mbc16044RNAi, 
rac149247RNAi, and rac1N17 animals (in the  background: w;OR85e-
mCD8::GFP;mz0709-Gal4/+ or w;OR85e-mCD8::GFP;alrm-Gal4/+) at the 
indicated time points with anti-GFP (green) 15 days after axotomy.  
(d) Normalized quantification to uninjured cohorts from (c) Error bars represent 
s.e.m.; n>10; *** p<0.0001. 
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Supplementary Figure 3.S5:  Driving RNAi against known engulfment 
genes with the novel ensheathing glial driver, TIFR-Gal4, leads to 
persistent axon debris after injury 
(a) The axons of OR85e-expressing ORNs were labeled with mCD8::GFP in 
control (w;OR85e-mCD8::GFP/+; TIFR-Gal4/+) animals. Mbc, Shark, Crk, dCed-
12, and Rac1 were conditionally knocked down in adult brain glia by driving 
mbc16044RNAi, shark6BRNAi, crk19061RNAi, dced-1210455RNAi, or rac149247RNAi in the 
background (w;OR85e-mCD8::GFP/+; TIFR-Gal4/+). Maxillary palps were 
ablated and clearance of axonal debris from the CNS was assayed with anti-GFP 
antibody stains (green) 10 days after injury. 
(b) Normalized quantification to uninjured cohorts from (a) Error bars represent 
s.e.m.; n>10; *** p<0.0001. 
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immunoreactivity was not detectable on maxillary nerves control animals.  
However, at 1 or 3 days after axotomy we found dCed-12 enriched on the 
degenerating maxillary nerve (Figure 3.S6a,b).  This staining was specific to 
dCed-12 since glial-specific knockdown of dCed-12 eliminated injury-induced 
localization of dCed-12 to severed axons.  We conclude that glial-expressed 
dCed-12 rapidly localizes to degenerating axons in response to axotomy.  Since 
we fail to detect significant levels of expression of dCed-12 prior to injury, glial 
expression of dCed-12, like that of Draper and dCed-6 (Doherty et al., 2009; 
MacDonald et al., 2006), appears to be up-regulated in glia following axotomy. 
Rac1 is Downstream of Crk/Mbc/dCed-12 and Draper  
We suspected that Rac1 functioned primarily downstream of the 
Crk/Mbc/dCed-12 GEF.  We therefore drove the expression of a constitutively 
activated version of Rac1 (RacV12) in glia where we also blocked glial Crk 
function.  Expression of RacV12 in glia during development resulted in animal 
lethality, so we again used a conditional approach using Gal80ts to restrict the 
expression to adult brain glia (Figure 3.3b).   We found adult-specific expression 
of crkRNAi in ensheathing glia potently suppress glial clearance of degenerating 
axons 11 days after axotomy (Figure 3.3a,c).  However, co-expression of RacV12 
resulted in normal clearance of degenerating axonal debris compared to controls 
(Figure 3.S7a,b,c).  These data argue that activation of Rac1 is a primary 
function of Crk/Mbc/dCed-12 during glial engulfment of degenerating axons.   
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Supplementary Figure 3.S6: dCed-12 localizes to severed axons during 
glial phagocytosis 
(a) Control animals (w;OR85e-mCD8::GFP/+;repo-Gal4/+) and those with glia-
specific knockdown of dced-12 (w;OR85e-mCD8::GFP/+;repo-Gal4/UAS-dced-
1210455RNAi) were assayed for expression of dCed-12 (red). Axons were visualized 
with anti-GFP (green). Left, uninjured maxillary nerve; center, maxillary nerve 1 
or 3 days after maxillary palp ablation; right, maxillary nerve in dced-12RNAi 
animals 3 days after injury. White arrows denote dCed-12 antibody localizing to 
degenerating maxillary nerve axons (merge).  
(b) Normalized quantification to uninjured cohorts from (a) Error bars represent 
s.e.m.; n>10; *** p<0.0001. 
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Figure 3.3: Constitutively active Rac rescues both Draper signaling and 
GEF pathway engulfment defects 
(a) OR85e-expressing ORNs were labeled with mCD8::GFP in control 
(w;OR85e-mCD8::GFP/+;TIFR-Gal4/+) and glial RNAi for crk (w;OR85e-
mCD8::GFP, UAS-crk106498RNAi /+;TIFR-Gal4/+) and shark (w;OR85e-
mCD8::GFP, UAS-shark6bRNAi /+;TIFR-Gal4/+) either containing gal80TS 
(w;OR85e-mCD8::GFP; UAS-crk106498RNAi /gal80TS;TIFR-Gal4/+ and w;OR85e-
mCD8::GFP, UAS-shark6bRNAi /gal80TS;TIFR-Gal4/+) or with constitutive active 
racV12 (w;OR85e-mCD8::GFP; UAS-crk106498RNAi /gal80TS;TIFR-Gal4/racV12 and 
w;OR85e-mCD8::GFP, UAs-shark6bRNAi /gal80TS;TIFR-Gal4/racV12 and w;OR85e-
mCD8::GFP/gal80TS;racV12/+).  
Maxillary palps were bilaterally ablated and clearance of axonal debris was 
assayed with anti-GFP antibody stains (green) 11 days after injury, according to 
the temperature shift protocol outlined in (b).  
(c) Normalized quantification of data to uninjured cohorts from (a) Error bars 
represent s.e.m.; n>10; *** p<0.0001. 
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Supplementary Figure 3.S7:  Additional controls for constitutive active Rac 
rescue of sharkRNAi and crkRNAi axon clearance defects 
(a) OR85e-expressing ORNs were labeled with mCD8::GFP in control 
(w;OR85e-mCD8::GFP/+ and glial RNAi for crk (w;OR85e-mCD8::GFP, UAS-
crk106498RNAi) and shark (w;OR85e-mCD8::GFP, UAS-shark6bRNAi) with or without 
the constitutive active racV12 (w;OR85e-mCD8::GFP; UAS-crk106498RNAi; racV12/+ 
and w;OR85e-mCD8::GFP, UAS-shark6bRNAi;racV12/+  and w;OR85e-
mCD8::GFP/+;racV12/+).  
Maxillary palps were bilaterally ablated and clearance of axonal debris was 
assayed with anti-GFP antibody stains (green) 11 days after injury, according to 
the temperature shift protocol outlined in (b).  
(c) Normalized quantification to uninjured cohorts from (a); Error bars represent 
s.e.m.; n>10. 
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We next drove expression of a sharkRNAi construct in adult brain 
ensheathing glia in the presence or absence of RacV12.  As expected, we found 
that adult-specific knockdown of Shark was sufficient to block axon clearance 
after axotomy (Figure 3.3a,c).  However, we made the surprising observation 
that co-expression of Racv12 in the sharkRNAi background restored normal glial 
engulfment activity (Figure 3.3a,c).  This observation suggests Rac1 activation is 
sufficient to bypass requirements for the Draper signaling pathway.  We note that 
we found no evidence for dominant genetic interactions between Draper and 
Crk/Mbc/dCed-12 (Figure 3.S8a,b).  In summary, these data indicate that 
activation of Rac1 is sufficient to overcome loss of Crk/Mbc/dCed-12 or loss of 
Draper signaling pathway components.  Thus Rac1 appears to function 
downstream of Crk/Mbc/dCed-12, Draper, or both during glial engulfment of 
axonal debris in vivo. 
Glia Respond to Injury in the Absence of Crk/Mbc/dCed-12  
Drosophila adult brain glia become activated within 4-6 hours after axon 
injury, phagocytose axonal debris within 5-7 days, and then retreat from the 
injury site.  Loss of components of the Draper signaling pathway completely 
blocks these events (Doherty et al., 2009; MacDonald et al., 2006; Ziegenfuss et 
al., 2008). To further define how the Crk/Mbc/dCed-12 complex modulates these 
events we assayed the extension of glial membranes to sites of injury using 
Draper and dCed6 as a fiduciary markers for glial membranes.  One day after 
axotomy in controls Draper accumulated on severed axons and in antennal  
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Supplementary Figure 3.S8:  mbc, dced-12, and draper∆5 do not exhibit 
dominant genetic interactions in ORN axon clearance assays. 
(a) OR85e-expressing ORN axons were labeled in control (w;OR85e-
mCD8::GFP/+) animals and in mbcC1, dced-12KO, or draper∆5  heterozygous 
mutant backgrounds, maxillary palps were ablated, or left uninjured, and 
clearance of axons (anti-GFP, green) was assayed after 5 days.  
(b) Normalized quantification to uninjured controls from (a); Error bars represent 
s.e.m.; n>10; ***, P<0.0001. 
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lobe glomeruli innervated by maxillary palp ORNs (Figure 3.4a,d).  Draper 
remained on these axons until 3-5 days after injury (at which time clearance of 
axons is complete), and by 10 days Draper was no longer enriched at these sites 
and returned to baseline levels (Figure 3.4a,d).  Glial-specific knockdown of crk 
or dced-12 slightly delayed, but did not block the accumulation of Draper on 
severed axons.  In glial crkRNAi or dced-12RNAi animals Draper was detectable on 
maxillary palp-innervated glomeruli within 3 days after axotomy, remained on 
these glomeruli 5 days after injury, and returned to baseline levels by 10 days 
after injury (Figure 3.4b,c,d).  We observed a similar dynamic movement and 
retreat of glial membranes in these genetic backgrounds when we labeled them 
with membrane-tethered tdTomato (see below) or dCed-6.  Thus, depletion of 
Crk or dCed-12 from glia does not block activation or termination of glial 
responses.  Rather, glia with depleted Crk or dCed-12 are recruited to severed 
axons, although they are slightly delayed, remain on axons for 5-7 days, fail to 
engulf axons, and then retreat from the injury site.  These data indicate 
Crk/Mbc/dCed-12 are specifically required for glial internalization of axonal 
debris.  Moreover, these observations reveal, surprisingly, that glia are capable 
of terminating reactive responses after a certain window of time regardless of 
whether axonal debris has been phagocytosed. 
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Figure 3.4: Crk and dCed-12 are not required for activation of glia after 
axotomy 
(a, b, and c) OR85e-expressing ORNs were labeled with mCD8::GFP in control 
(w;OR85e-mCD8::GFP/+; repo-Gal4/+) and those with glia-specific knockdown of 
crk and dced-12 (w;UAS-crk19061RNAi/ OR85e-mCD8::GFP;repo-Gal4/+ and w; 
OR85e-mCD8::GFP/+; repo-Gal4/UAS-dced-1210455RNAi). Animals were assayed 
for injury-induced recruitment of dCed-6 (red, pseudo-colored grey, left panel) 
and Draper (blue, pseudo-colored grey middle panel) to severed axons in 
maxillary-palp innervated glomeruli (arrows) 1, 3, 5, and 10 days after injury.  
(d) Normalized quantification to uninjured cohorts of Draper and dCed-6 intensity 
in 85e-innervated glomeruli (right panel, dotted outline) from (a, b, and c).  Error 
bars represent s.e.m.; n>10 for all. 
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Rac1 Phenocopies draper Mutants  
Since Crk/Mbc/dCed-12 can act as a GEF for Rac1 we expected that 
depleting Rac1 function would result in a phenotype similar to that seen in crkRNAi 
and dced-12RNAi animals.  However, we found that knockdown of rac1 in glia 
completely suppressed activation of glia and the recruitment of glial membranes 
to severed axons (Figure 3.S9).  This is precisely what is observed when Draper 
signaling is blocked (Doherty et al., 2009; MacDonald et al., 2006; Ziegenfuss et 
al., 2008).  Thus Rac1, in contrast to Crk/Mbc/dCed-12, appears to act very early 
in glial responses to axon injury and phenocopies draper mutants.  This 
observation is consistent with our observed rescue of Draper signaling pathway 
inhibition by activated Rac1, and the previous observation that CED-10 also acts 
downstream of CED-1 in C. elegans cell corpse engulfment (Kinchen et al., 
2005).  Since the Rac1 loss of function phenotype differs so dramatically with 
respect to glial recruitment to severed axons from that of Crk/Mbc/dCed-12, we 
would predict that an alternative unidentified GEF must activate Rac1 
downstream of Draper during activation of glial responses to axotomy. 
Aged Axonal Debris Remain a Viable Engulfment Target 
If engulfment cues presented by degenerating axons are labile, it is 
possible that they could degrade within the first 1-2 days, so that by the time glial 
membranes from crkRNAi or dced-12RNAi animals arrive at the injury site, “eat me” 
cues are no longer present.  To address this possibility we allowed severed 
axons to age in vivo without being engulfed and asked—how long does axonal  
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Supplementary Figure 3.S9:  Rac1 phenocopies Draper and is required to 
promote glial activation 
(a) Control animals (w;OR85e-mCD8::GFP/+; repo-Gal4/+) and those with glia-
specific knockdown of rac1, dced-12, or crk (w,UAS-rac149247RNAi/OR85e-
mCD8::GFP;repo-Gal4/+, w; ;OR85e-mCD8::GFP/+; repo-Gal4/UAS-dced-
1210455RNAi , or w; OR85e-mCD8::GFP/UAS-crk19061RNAi /+;repo-Gal4/+) were 
assayed for injury-induced recruitment of Draper (arrows) to maxillary-palp 
innervated glomeruli (red, dotted outline) 0, 1, 3, 5, 10, and 15 days after injury.  
(b) Normalized quantification to control of Draper intensity in maxillary palp-
innervated glomeruli (dotted outline) from (a).  Error bars represent s.e.m.; n>10. 
(c) Glial membranes were labeled with membrane-tethered GFP in control 
(w;UAS-mcd8::GFP/+; TIFR-Gal4/+) and those with glia-specific knockdown of 
rac1 (w;UAS-mcd8::GFP/UAS- rac149247RNAi; TIFR-Gal4/+) were assayed for 
injury-induced recruitment of glial membranes and formation of glial vesicles 
(arrowhead) to maxillary-palp innervated glomeruli after injury.  Control animals 
were dissected uninjured or 1 day following maxillary palp injury. Glial rac1RNAi 
animals were dissected 1 and 3 days after injury. Dotted outline; maxillary-palp-
innervated glomerulus used to quantify glial invasion and formation of vesicles 
into injured area. Corner box; high magnification view of injury-induced glial 
vesicles.  
(d) Normalized quantification to control from (c) of glial membrane infiltration 
around maxillary-palp-innervated glomeruli.   
(e) Quantification from (c) of the total number of glial vesicles in maxillary-palp 
glomeruli.; Error bars represent s.e.m.; n>10; ***, P<0.0001. 
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(f) Lysosomal activity was labeled with Lysotracker Red (pseudo-colored grey) in 
uninjured control animals (w; TIFR-Gal4/+) or 1 day following maxillary-palp 
injury and in glial RNAi animals for rac1 (w;UAS- rac149247RNAi; TIFR-Gal4/+) 1 or 
3 days after injury.  Animals were assayed for the formation of Lysotracker 
positive puncta throughout individual antennal lobes (pictured). Arrows; 
approximate location of 85e-innervated maxillary-palp glomeruli.  
 (g) Normalized quantification to control of antennal lobe lysosomal puncta data 
from (f).; Error bars represent s.e.m.; n>10; ***, P<0.0001. 
 
Figure 3.S9 
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debris retain its ability to activate glia and promote its own engulfment?  We 
labeled ORN axons with GFP and drove glial-specific expression of the 
temperature-sensitive dynamin, shibirets, which at restrictive temperature can 
block glial recruitment to sites of axon injury (Doherty et al., 2009).  Axotomies 
were performed at restrictive temperature (30°C), cohorts of flies were 
maintained for 1 or 7 days at 30°C after axotomy before being then shifted back 
to permissive temperature (18°C), and clearance was allowed to occur for 7, 11, 
or 30 days.  Impressively, even when severed axons were “aged” for 7 days, glial 
membranes were still recruited to severed axons and axonal debris was cleared 
from the CNS after animals were returned to permissive temperatures (Figure 
3.5a,b; Figure 3.S10a,b).  These data argue strongly that the clearance defect 
we see in crkRNAi and dced-12RNAi animals is not likely due to the delay in glial 
arrival at the injury site.  Moreover, these data indicate that axonal debris retains 
its ability to re-activate local glia and promote its own clearance from the CNS.  
Thus we predict that at least some of the “come and get me” and “eat me” 
signals exposed by severed axons are quite stable. 
Despite the fact that glia are blocked from invading sites of injury (while at 
30°C in shits backgrounds), we noted that glia surrounding the antennal lobe 
exhibited a marked increase in Draper 1 day after axotomy (Figure 3.5; Figure 
3.S10a,b).  Several of these glia (especially those in the dorsal-lateral regions of 
the antennal lobe) are not in direct physical contact with severed maxillary palp 
axons (Doherty et al., 2009).  This observation implies that severed axons can  
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Figure 3.5:  Axons remain viable engulfment targets capable of activating 
glia for over a week after axotomy 
(a) Experimental animals (w;OR85e-mCD8::GFP/UAS-shibirets; mz0709-Gal4/+) 
were raised at the permissive temperature, 18°C, and kept at 18°C for 7 days 
after eclosion.  Adult animals were then shifted to the restrictive temperature, 
30°C, and either left uninjured or injured via bilateral maxillary palp ablation. Left, 
expression of Shibirets in ensheathing glia where animals were returned to 18°C, 
injured, and allowed 7 days to clear axonal debris.  Cohorts kept at 30°C (where 
glial engulfment activity was “frozen”) were assayed for changes in glial Draper 
expression (red) around maxillary-innervated glomeruli (arrows) and clearance of 
axonal debris (anti-GFP, green) at 1 (D1) or 7 (D7) days after injury at 30°C.  
Arrowhead; appearance of Draper+ puncta only at periphery of antennal lobe. 
These same cohorts were returned to 18°C and allowed 7, 11, or 30 additional 
days to clear degenerating axons.  
(b) Normalized quantification of data to cohort controls from (a) Error bars 
represent s.e.m.; n>10; ***, P<0.0001. 
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Supplementary Figure 3.S10:  Severed axons as engulfment targets—
Additional controls for temperature shifts and clearance windows in shits 
animals  
(a) Control animals (w;OR85e-mCD8::GFP/UAS-shibirets;mz0709-Gal4/+) were 
raised at the permissive temperature, 18°C, and kept at 18°C for 7 days after 
eclosion. Animals were left uninjured or injured via bilateral maxillary palp 
ablation and assayed for Draper expression (red) and axon debris clearance 
(anti-GFP; green) 7 days after injury at 18°C.  Z-stacks (axons) and single Z-
sections (Draper+ glia) are shown.  
(b) Normalized quantification to cohort controls of basal Draper expression 
around the periphery of the antennal lobe before injury (NI) or 1, 5, and 7 days 
after injury (D1, D5, D7) at 30°C from experimental groups described in (a) and 
(Figure 7a). Box from (a); representative area used to quantify peripheral 
antennal lobe expression of Draper. Error bars represent s.e.m.; n>10; 
***,p<0.0001. 
108 
 
 
Figure 3.S10 
 
 
 
 
 
 
109 
 
send “eat- or find-me” signals to glia over considerable distances in the brain, 
which lead to increased Draper expression, and ultimately activation of glial 
responses. 
Crk/Mbc/dCed-12 promotes Glial Phagocytosis of Axon Debris 
Reactive glia are highly phagocytic, but how phagocytic pathways are 
genetically activated, and how closely their activation is coupled to initial glial 
responses (e.g. recruitment to injury sites) remains poorly defined.  We therefore 
developed several new tools to examine activation of the glial phagocytic 
phenotype, and glial internalization of degenerating axonal debris.  First, we 
assayed lysosomal activity within glial cells in uninjured brains using Lysotracker.  
Lysosomal activity in the uninjured brains was nearly undetectable; however 
within 1 day after axotomy of antennal ORNs we found a dramatic increase in 
Lysotracker+ puncta in antennal lobe, which localized to ensheathing glia (Figure 
3.6a,b).  We suspect these represent glial phagolysosomes, the product of 
phagosome fusion with acidifying lysosomes.  Interestingly, we also note the 
presence of a large population of vesicles within glia that do not stain for 
Lysotracker and are only present after injury (Figure 3.6b, arrows).  We suspect 
these represent phagosomes that have not yet fused with lysosomes and are 
therefore not acidified.  This is supported by our observation that many of the 
vacuoles marked by TIFR-Gal4 house axonal debris (see below).   
Lysotracker signal in the brain was specific to regions where severed 
axons were degenerating.  For example, ablation of maxillary palps led to the  
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Figure 3.6:  Axotomy-induced activation of phagolysosomes  
in engulfing glia 
(a) Uninjured animals (w;UAS-mcd8::GFP/+;TIFR-Gal4/+) were stained for 
Lysotracker Red (confocal Z-stack, top) and visualized for GFP+ glial membranes 
(single confocal slice, top).  Dotted circles; location of antennal lobes. *; high 
magnification view of the marked rectangle in a single confocal section. 
(b) Animals (w;UAS-mcd8::GFP/+;TIFR-Gal4/+) shown 1 day after bilateral 
antennal injury were stained for Lysotracker Red (Z-stack top) and visualized for 
GFP+ glial membranes (single slice, top). **; high magnification view of the 
marked rectangle in a single confocal section. Arrow; an injury-induced glial 
vesicle. Arrowhead; glial vesicle positive for lysosomal activity. Scale bar 
represents 4µm. 
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preferential accumulation of Lysotracker+ puncta along the maxillary nerve 
(Figure 3.7b) and glomeruli housing degenerating maxillary palp ORN axons 
within the antennal lobe (Figure 3.7a), but not elsewhere at appreciable levels.  
Only a subset of vesicles were Lysotracker positive, but all appeared to be 
surrounded by Draper (Figure 3.7a,b), and all were in regions containing of 
GFP+ axon debris. We found that Lysotracker+ puncta were observed maximally 
in the antennal lobe 1 day after axotomy, decreased at day 3 and approached 
baseline levels by 5 days after axotomy (Figure 3.8a,c).  We conclude that 
lysosomal activity is strongly up-regulated in ensheathing glia in response to 
axonal injury, and propose Lysotracker+ signal represents the maturation of 
phagosomes into phagolysosomes. 
We next assayed for roles for the Crk/Mbc/dCed-12 complex in maturation 
of Lysotracker+ vesicles in engulfing glia.  Strikingly, while glial membranes were 
recruited closely to severed axons in crkRNAi and dced-12RNAi backgrounds (see 
also above), there was a complete failure to induce lysosomal activity in these 
backgrounds (Figure 3.8b,c).  Thus Crk and dCed-12 are essential for activation 
of lysosomal activity during glial internalization of degenerating axons.  Activation 
of lysosomal activity is also ultimately downstream of Draper signaling since 
sharkRNAi animals also failed to induce lysosomal activity after axotomy (Figure 
3.8b,c), and similar results were found in glial rac1RNAi animals (Figure 3.S9f,g).   
It is possible that glia depleted for Crk/Mbc/dCed-12 indeed engulf 
degenerating axons, but fail to digest them through fusion of lysosomes with  
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Figure 3.7:  Glial phagolysosomes are decorated with Draper and 
preferentially accumulate around degenerating axons 
(a) Animals (w;UAS-mcd8::GFP/+;TIFR-Gal4/+) shown 1 day after bilateral 
maxillary palp injury were stained for Draper (pseudo-colored red), Lysotracker 
Red (pseudo-colored blue), and visualized for GFP+ glial membranes. *; high 
magnification view of the marked rectangle in a single confocal section.  Arrows; 
injury-induced vesicles positive for Draper recruitment and lysosomal activity.  
Arrowhead; vesicles positive for Draper recruitment but lacking lysosomal 
activity. Scale bar represents 3µm. 
(b) Animals (w;OR85e-mCD8::GFP/+) shown 1 day after bilateral maxillary palp 
injury were stained for GFP (green), Draper (pseudo-colored red) and 
Lysotracker Red (pseudo-colored blue).  Circles; location of antennal lobes. **; 
high magnification view of the marked rectangle in a confocal Z-stack.  Arrows; 
areas of lysosomal activity with little to no remaining GFP+ axon debris.  
Arrowhead; areas where groups of axon debris co-localize with Draper along the 
degenerating maxillary palp nerve. 
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Figure 3.8:  Crk and dCed-12 are required for internalization of axonal 
debris and phagolysosome formation 
(a) Lysosomal activity was monitored with Lysotracker Red (pseudo-colored 
grey) in control (w; TIFR-Gal4/+) animals in individual antennal lobes (pictured) 1, 
3, and 5 days after maxillary palp injury. Arrows; location of 85e-innervated 
maxillary-palp glomeruli. Representative single confocal Z-sections are shown for 
all. 
(b) Lysosomal activity was monitored in control (w; TIFR-Gal4/+) animals 1 day 
after maxillary palp injury, and 3 days after injury in glial RNAi animals for 
crk106498RNAi, dced-1210455RNAi, and shark6bRNAi.  Arrows; location of 85e-innervated 
maxillary-palp glomeruli.  
(c) Quantification of antennal lobe lysosomal puncta data from (a, b).; Error bars 
represent s.e.m.; n>10; ***, P<0.0001. 
(d) Glial membranes were labeled with tdTomato, OR85e-expressing axons 
(anti-GFP, green) were labeled with mCD8::GFP (w;OR85e-mCD8::GFP/UAS-
cd4-tdTomato;TIFR-Gal4/+) and we monitored glial membrane recruitment to 
axonal debris, and the formation of vesicles within ensheathing glia 0, 1, 3, and 5 
days after maxillary palp injury. Outlined; 85e-innervated maxillary-palp 
glomerulus used to quantify glial invasion and vesicle formation into injured area. 
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(e) Glial membranes and axons were labeled as in (d).  Recruitment of glial 
membranes to degenerating axons, and internalization of axonal debris by 
ensheathing glia was scored in control and glial crk106498RNAi, dced-1210455RNAi,and  
shark6bRNAi animals.  (a’-d’); high magnification views of marked rectangle areas.  
Arrowhead; red glial vesicle containing axon debris.  Lower right corner box in a’: 
high magnification view of debris-containing glial vesicles.  
(f) Normalized quantification to control from (d, e) of glial membrane infiltration 
around degenerating 85e+ axons.   
(g) Quantification from (d, e) of the total number of glial vesicles and number of 
vesicles containing axonal debris around 85e-innervated maxillary-palp 
glomeruli.; Error bars represent s.e.m.; n>10; ***, P<0.0001. 
(h) Example from corner box in (a’) of fluorescence intensity of the glial 
membrane and axon debris along line drawn through an individual glial vesicle. 
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phagosomes.  To explore this possibility we next labeled glial membranes with 
membrane-tethered tdTomato (UAS-cd4::tdTomato) using the TIFR-Gal4 driver, 
axons with mCD8::GFP (OR85e-mCD8::GFP), and assayed glial internalization 
of degenerating axons after axotomy in control, crkRNAi, dced-12RNAi, and 
sharkRNAi animals.  In control animals we found 1 day after axotomy the vast 
majority of mCD8::GFP-labeled axonal debris was found within cd4::tdTomato-
labeled vacuoles in glia (Figure 3.8d,e,g,h).  The number of vesicles housing 
axonal material peaked in control animals 1 day after axotomy, decreased at 3 
days, and approached baseline by 5 days after axotomy (Figure 3.8d,g) —this 
mirrored our findings with Lysotracker+ vesicles (above) and provides direct 
evidence that ensheathing glial cells internalize axonal debris.  While tdTomato-
labeled glial membranes were found in close proximity with axonal debris 3 days 
after axotomy in crkRNAi and dced-12RNAi animals, we found no evidence for 
internalization of GFP-labeled axonal debris (Figure 3.8e,f).  Notably, in 
sharkRNAi animals we found, consistent with our previous work (Doherty et al., 
2009; Ziegenfuss et al., 2008), no evidence for recruitment of tdTomato-labeled 
glial membranes to severed axons.  In addition, we found that sharkRNAi animals 
failed to internalize degenerating axonal debris.   
In summary, our data show that loss of Draper signaling pathway 
components lead to very early defects in activation of glial responses to axonal 
injury—in the absence of Draper signaling, glial cells are not recruited to severed 
axons and fail to respond morphologically to axonal injury.  In contrast, animals 
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depleted for glial Crk/Mbc/dCed-12 exhibit normal glial activation and recruitment 
to severed axons, but they fail to activate phagocytic activity, and do not 
internalize axonal debris.   
Discussion 
Unique Pathways Regulate Glial Activation and Phagocytosis 
We identify Crk/Mbc/dCed-12 and Rac1 as new components of the glial 
engulfment machinery.  There are several notable differences between the 
genetic requirements for these pathways in the engulfment of degenerating 
severed axons in Drosophila versus cell corpses in C. elegans.  First, rather than 
acting in a partially redundant fashion as they do in cell corpse engulfment in C. 
elegans, both pathways (Draper/dCed-6/Src42a/Shark, and Crk/Mbc/dCed-12 
and Rac1) are absolutely required for glia to clear severed axons from the adult 
Drosophila brain.  It is interesting to note that in draper null mutants clearance of 
developmentally pruned mushroom body γ axons is delayed by only a few days, 
but all axons are ultimately cleared by adulthood (Awasaki et al., 2006; Hoopfer 
et al., 2006).  This observation argues for the presence of pathways that act in a 
genetically redundant fashion with Draper during neurite pruning.  The 
Crk/Mbc/dCed-12 complex and Rac1 are excellent candidates, but to date these 
have not been studied in the context of developmental axon pruning.   
A second key point revealed by our work is that Crk/Mbc/dCed-12 and 
Draper each regulate distinct steps in the glial response after nerve injury.  All 
known components of the Draper signaling pathway, as well as Rac1, act very 
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early in the glial response and are required during glial activation for the up-
regulation of engulfment genes and recruitment of glial membranes to severed 
axons.  In contrast, glial-specific depletion of Crk, Mbc, or dCed-12 does not 
block glial recruitment to severed axons or termination of glial responses; rather it 
specifically blocks the ability of glia to activate a phagocytic phenotype and 
internalize axonal debris.  These observations indicate that glial activation and 
phagocytosis of degenerating axons are genetically separable events mediated 
by distinct molecular pathways.  Notably, our observations are contrary to what 
one would predict based on our understanding of CED-2/CED-5/CED-12 and 
CED-10 function in C. elegans.  Specifically, since loss of CED-2/CED-5/CED-12 
or CED-10, but not CED-1/CED-6, profoundly inhibits cell migration in C. elegans 
(Reddien and Horvitz, 2000; Wu et al., 2001) one might have predicted a role for 
Crk/Mbc/dCed-12 in the extension of glial membranes to severed axons.  
However, our observation that extension of glial membranes to severed axons is 
largely normal in animals depleted of Crk/Mbc/dCed-12 points to an unexpected 
but quite specific role for this complex in cellular dynamics underlying 
phagocytosis of degenerating axons.  Moreover, since Draper robustly decorates 
severed axons in crk and dced-12 knockdown animals, our data also raise 
important new questions regarding Draper function during debris internalization: 
since these axons are decorated with Draper but they are not cleared, is Draper 
acting during phagocytosis of axonal debris?  Were this the case it seems likely 
that the Crk/Mbc/dCed-12 GEF acts downstream of Draper.  If not, perhaps the 
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primary role for Draper is to specifically activate glia after sensing an injury (i.e. 
up-regulating engulfment genes and guiding glial membranes to injury sites) and 
then terminate glial responses in a timely fashion (i.e. returning glia to a resting 
state) (Logan et al., 2012). 
Finally, since Rac1 knockdown and dominant negative constructs 
phenocopy draper mutants, our data argue strongly in favor of Rac1 acting 
genetically downstream of the Draper receptor. Indeed, previous observations in 
C. elegans suggest that CED-10 (Rac1) acts downstream of CED-1 (Draper) 
(Kinchen et al., 2005).  Consistent with a role for Rac1 downstream of Draper, we 
showed that simply resupplying activated Rac1 in glia was sufficient to rescue 
loss of the Draper signaling pathway component Shark.  However, based on the 
fact that Rac1 also appears to function at later phases with Crk/Mbc/dCed-12, we 
propose that Rac1 activation immediately downstream of Draper likely occurs via 
a GEF complex that is either distinct from, or redundant with, Crk/Mbc/dCed-12 
(Figure 3.S11).  Alternatively, during phagocytosis of degenerating axons the 
Crk/Mbc/dCed-12 complex may function downstream of an unidentified receptor 
that functions in parallel to Draper.  Indeed, Crk-II/Dock180/Elmo and CED-
2/CED-5/CED-12 have been shown to bind directly to the phosphatidylserine-
binding receptor Bai1 and indirectly to the frizzled-like receptor MOM-5 to 
promote phagocytosis of cell corpses in mammals and C.elegans (Cabello et al., 
2010; Park et al., 2007).  However no clear sequence orthologs of Bai1 or MOM-
5 exist in the Drosophila genome.    
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Supplementary Figure 3 .S11:  M odel of  gl ial activation, phagocytosis, and 
termination i n r esponse t o a xonal i njury a nd de generation i n t he 
Drosophila CNS 
a) Glial activation begins with Draper-I binding an unknown injury-induced axonal 
ligand.  Activated Draper signals via an ITAM/Src42a/Shark tyrosine kinase 
cascade, the adaptor protein dCed-6, and ultimately through Rac1.  Draper 
expression is upregulated, and Draper, dCed-6, and glia membranes are 
recruited to axonal debris. Signaling through Rac1 potentially acts through an 
unidentified GEF, such as Sos, but this currently remains under investigation.   
b) The Crk/Mbc/dCed-12 GEF activates Rac1 to promote phagocytosis and 
digestion of axonal debris.  Whether Crk/Mbc/dCed-12 acts downstream of 
Draper or via another unidentified receptor remains unclear. 
c) Draper-II, an alternative splice variant, inhibits glial engulfment function 
through the tyrosine phosphatase Corkscrew (Csw), which reduces levels of 
phosphorolated Shark, thereby terminating injury-induced glial responses and 
allowing glia to return to a resting state.  
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Signaling between Engulfing Glial Cells and Axonal Debris 
After almost any brain injury glia rapidly invade the injury site and remain 
there to manage brain responses to trauma (Aldskogius and Kozlova, 1998; 
Bechmann and Nitsch, 1997; Kapadia and LaMotte, 1987; LaMotte and Kapadia, 
1987; Petersen and Dailey, 2004).  The neuron-glia signaling events that mediate 
the behavior of glial cells at injury sites remain poorly defined, but examples of 
glial cells rapidly abandoning an injury site prior to axonal debris having been 
cleared have not been reported to our knowledge.  It is therefore striking that glial 
cells lacking Crk/Mbc/dCed-12 function retreated from glomeruli housing severed 
axons within days after axotomy, leaving behind the vast majority of unengulfed 
axonal debris.  These data indicate that the presence of axonal debris is not 
sufficient to retain glial cells at an injury site.  Is this because the cues that 
promote glial recruitment to and engulfment of degenerating axons are labile and 
degrade over time?  The presence of an early and transient axonglia signal 
that stimulates Draper expression is suggested by the fact that we see a 
transient induction of Draper 1 day after axotomy even in glial cells not in contact 
with severed axons, and frozen in their morphological invasion of the injury site 
(with shits).  The observation that Draper is eventually down-regulated to baseline 
levels suggests that either this signal is lost or that glia adapt to its presence.  It 
would appear that the chemical properties of axonal debris, specifically the cues 
required to recruit glia to injury sites, do not change for at least one week after 
axotomy:  we were able to reversibly block glial recruitment to severed axons 
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using shits for up to 7 days, yet still observe largely normal engulfment of axons 
when glia were allowed to re-activate engulfment behavior.  Together these data 
argue for the possible presence of multiple injury signals from severed axons 
during activation of glia.  First, we predict the presence of a signal that promotes 
increased Draper expression in glia, and this would be expected to act over 
some distance in the brain.  Second, a signal that autonomously tags axonal 
debris in such a way that glia are able recognize it as an engulfment target, 
extend membranes to, and internalize it. 
Why do glia leave the injury site in animals lacking glial Crk/Mbc/dCed-12?  
A key difference between our RNAi experiments with Crk/Mbc/dCed-12 and the 
shits blockade of engulfment activity is that in the former situation glial cells were 
able to interact directly with severed axons for several days.  This contact with 
axons could have allowed glia to alter the surface properties of axonal debris.  
For example, glia could bind so-called “eat me” or “come get me” cues generated 
by axons, or otherwise tag axonal debris in such a way that made it no longer 
capable of attracting engulfing glial cell types.  Alternatively, essential recognition 
receptors in glia which lack Crk/Mbc/dCed-12 could become adapted to the 
presence of axonal debris over time, thereby decreasing or eliminating their 
sensitivity to this engulfment target.   
It is also possible that glia might also be intrinsically programmed to 
remain at sites of engulfment for a particular time window before terminating their 
responses to injured axons regardless of the status of axonal debris clearance.  
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We have recently identified a surprising new role for Draper-II, and alternative 
splice variant of Draper which specifically promotes termination of glial 
engulfment activity after axotomy in vivo (Logan et al., 2012).  Briefly, Draper-II is 
activated after the pro-engulfment receptor Draper-I and promotes a return to the 
glial resting state by 5-7 days after axotomy.  Our observation that termination of 
glial responses occurs on schedule in animals lacking Crk/Mbc/dCed-12 
suggests that Crk/Mbc/dCed-12 signaling is not critical for Draper-II function.  
Therefore Draper-dependent regulation of glial reactive status is likely genetically 
uncoupled from internalization of debris.  Somehow the communication between 
axonal debris and glia must change in Crk/Mbc/dCed-12 backgrounds since glia 
retreated from the injury site after 5-7 days, and they did not appear to be re-
recruited to debris based on the lack of clearance even 30 days after axotomy.  
Defining the molecular cues that mediate these cell-cell interactions will be 
interesting and relevant to neurological disease, since our data indicate that a 
failure by glia to efficiently clear engulfment targets during a critical window leads 
to the irreversible accumulation of potentially harmful neural debris in the mature 
brain.   
Materials and Methods 
Fly strains 
The following Drosophila strains were used: repo-Gal4 (Leiserson et al., 
2000), mz0709-Gal4 (Ito et al., 1995a), alrm-Gal4 (Doherty et al., 2009), OR85e-
mCD8::GFP (gift from B. Dickson, Research Institute of Molecular Pathology, 
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Vienna, Austria), TIFR-Gal4 (a gift from H. Hing, U. Illinois, Urbana), draper∆5 
(MacDonald et al., 2006), mbcC1 (Bloomington Drosophila Stock Center), rac1J11 
(Ng et al., 2002), dced-12KO (a gift from Pernille Rørth, Institute of Molecular and 
Cell Biology, Singapore), UAS-shark6bRNAi (Ziegenfuss et al., 2008), UAS-rac1N17 
(Bloomington Drosophila Stock Center), UAS-crkRNAi lines 19061 and 106498 
(Vienna Drosophila RNAi Center), UAS-CD4::tdTomato (Han et al., 2011), UAS-
mbcRNAi line 16044 (VDRC), UAS-dced12RNAi line 10455 (VDRC), UAS-Rac1RNAi 
lines 49246 and 49247 (VDRC), UAS-shibirets and UAS-tubulin gal80ts (gifts from 
S. Waddell, University of Massachusetts Medical School, Worcester MA).  
Neuron Injury Protocol and Temperature Shift Experiments 
Olfactory receptor neurons were severed as previously described 
(MacDonald et al., 2006) in animals aged at least one week after eclosion.  After 
injury, animals were transferred to fresh food vials and aged at 18°C or 29°C (for 
Gal80ts and shits experiments), and 25°C for all other experiments.  tub-Gal80ts 
flies were crossed with repo-Gal4 and RNAi lines including UAS-crkRNAi, UAS-
mbcRNAi, UAS-dced-12RNAi, UAS-racN17 or UAS-rac1RNAi. Flies were raised at 
18°C, shifted to 29°C upon eclosion and incubated at 29°C for at least 7 days 
before maxillary palp ablation, and maintained at 29°C after injury until ready for 
immunohistochemistry.  UAS-shibirets flies were crossed with the mz0709-Gal4 
driver line. Flies were raised and maintained for at least 7 days after eclosion at 
18°C prior to ablation and/or temperature shifts.  For Rac rescue experiments, 
flies were crossed with the TIFR-Gal4 driver line and raised at 18°C. Once 
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eclosed, flies were shifted to 25°C for 5 days, then shifted to 29°C for 1 day.  
Maxillary palps were bilaterally ablated and animals were left at 29°C for 1 day 
before being shifted down to 25°C for 10 days , when clearance of axonal debris 
was assayed with anti-GFP antibody stains, according to the temperature shift 
protocol outlined in Figure 3.3b. 
Confocal Microscopy 
Adult brains were processed as previously described (MacDonald et al., 
2006).  Primary antibodies were used at the following dilutions: 1:500 rabbit anti-
Draper (Freeman et al., 2003), 1:200 mouse anti-GFP (Invitrogen), 1:200 rabbit 
anti-dCed-12 (Ishimaru et al., 2004) and 1:500 rabbit anti-dCed-6 (Awasaki et al., 
2006) (both kindly provided by T. Awazaki, Janelia Farm, Chevy Chase, MD).  All 
anti-IgG secondary antibodies were FITC, Cy3, or Cy5 conjugated (Jackson 
ImmunoResearch) and used at 1:200.   
 For Lysotracker stains, heads from live animals were removed and 
immediately immersed in chilled PBS, brains were dissected and bathed in 
Lysotracker Red (DND99, Invitrogen Inc) at a dilution of 1:5000.  Brains were 
rocked for 15 minutes, washed 5 times in PBS for a total of 15 minutes, then 
fixed in PBS/0.1% Triton X-100/4% formaldehyde for 30 minutes with rocking in 
the dark.  Brains were washed 5 times in PBS/0.1% Triton X-100 for a total 30 
minutes, mounted in Vectashield antifade reagent (Vector Labs), and 
immediately imaged. 
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Quantification of Draper, dCed-6, Glial Membranes, and Lysotracker Stains 
during Glial Engulfment of Axons 
For all experiments the entire antennal lobe was imaged in 1μm steps and 
scored for relevant phenotypes. In experiments in which cd8::GFP, 
cd4::tdTomato, Draper, or dCed-6 intensity in different genetic backgrounds was 
quantified, samples were fixed and stained side by side, and were imaged at the 
same time with standardized confocal settings for each series of experiments. 
Quantification of fluorescence intensity was performed on single Z sections in 
either the center of the relevant glomerulus (for Draper, dCed-6, and 
cd4::tdTomato the 85e-GFP marker was used to reproducibly identify the same 
glomerulus for quantification), at the same position of the maxillary nerve, or at 
the same dorsal position at the edge of the antennal lobe, with ImageJ software 
(http://rsb.info.nih.gov/ij/) as described in Doherty et al., 2009 and MacDonald et 
al., 2006.  Lysotracker stains were quantified by counting the total number of 
positive puncta in an individual antennal lobe.  To quantify the rates of 
internalization of 85e-GFP-labeled axonal debris by glia, tdTomato-labeled glial 
vesicles adjacent to the 85e-GFP-labeled debris were counted, and then were 
individually scored for presence or absence of GFP-labeled material within the 
vesicle.  P-values were generated using a two-tailed student’s t-test. 
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CHAPTER IV: Discussion 
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How do Glia Respond to “Modified Self” and Injury-Induced 
Neurodegeneration? 
To thoroughly answer the above question and describe the full importance 
of the body of work presented here, it is first necessary to understand the state of 
the field at the time these experiments were begun.  The following discussion 
begins with a review of the evidence that existed pertaining to the molecular 
biology of glial engulfment behavior prior to the start of this work, and includes 
the major driving questions and knowledge gaps that demanded the most 
attention at the time.  Following this is an in-depth discussion of the particular 
experiments executed in the course of this project and the ramifications of our 
findings on the field, as well as proposed directions for future work.  First, 
however, it is necessary to review what was known seven years ago when this 
project began. 
Types of glial engulfment targets in the brain fall into two general 
categories: ‘non-self’ and ‘modified self’. Bacteria, yeast, and environmental 
toxins fall into the category of non-self because they are all foreign to the body. 
Modified self includes dead cells (e.g. apoptotic cell corpses), cellular debris (e.g. 
degenerating axon debris) and endogenously produced toxic materials (e.g. β-
amyloid plaques).  In the CNS, glial cells act as the primary phagocytic cell type 
and rapidly engulf “modified self” debris, such as neuronal cell corpses, 
generated during development.   
130 
 
Many embryonic neurons are destroyed through PCD (Bangs and White, 
2000; Buss et al., 2006) and glial cells are known to clear these apoptotic neural 
corpses from the CNS (Marin-Teva et al., 2004; Sonnenfeld and Jacobs, 1995b). 
Also during development, countless superfluous neuronal connections are 
initially generated, but are eventually refined via pruning as neural circuits 
mature. Pruning in the CNS is a very widespread event, and has been observed 
in multiple regions of the mammalian and Drosophila CNS (Kantor and Kolodkin, 
2003; Lee et al., 1999; O'Leary and Koester, 1993; Truman, 1990; Watts et al., 
2003). Similar to their role in clearance of cell corpses, glia are also responsible 
for rapidly phagocytosing and clearing pruned neuronal debris generated by 
developmental axon pruning (Awasaki and Ito, 2004; Watts et al., 2004). Besides 
normal tissue turnover in the mature CNS, one of the main causes for neurons to 
transition into a “modified self” glial target is when they begin to degenerate via 
physical injury or disease.  In either case, it falls to glia, to degenerating debris to 
maintain tissue homeostasis (Aldskogius and Kozlova, 1998; Bechmann and 
Nitsch, 1997).  
Because glia are central to processes that govern normal tissue turnover 
and  homeostasis after injury or disease, it is not surprising that alterations in glial 
immune responses have been implicated as causal factors in several human 
pathologies, including multiple sclerosis and Alzheimer’s disease (Farina et al., 
2007; Fiala et al., 2005; Simard et al., 2006). Unfortunately, even though many 
potential molecules have been proposed to play a role in the recognition, 
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response and clearance of degenerating axons (Block et al., 2007), little is 
precisely known concerning the basic molecular signaling pathways responsible 
for these activities. Therefore, a comprehensive understanding of the precise 
engulfment mechanisms used by glial cells was sorely needed in order to 
enhance our understanding of nervous system morphogenesis and, potentially, 
to develop better biomarkers and treatments for trauma and neurodegenerative 
disorders. 
Using Drosophila as a Model System to Uncover the Mystery behind Glial 
Recognition of “Modified Self” 
Besides Drosophila’s property as an organism that is incredibly amenable 
to physical and genetic manipulation, it has a well characterized CNS containing 
glial subtypes similar in function and behavior to mammalian counterparts.  This 
similarity is particularly evident in their response to degenerating axons.  
Empirical evidence suggests that Drosophila glia, like their mammalian 
counterparts, react to neural injury by traveling long distances to engulf their 
debris target. Also similar to mammals, the Drosophila CNS is immune privileged 
and excludes peripheral macrophages.  Therefore specialized glial subtypes 
have evolved in flies that play the role of the professional phagocyte in the CNS.  
This represents a significant advantage of the model over C. elegans, where any 
neighboring hypodermal cell next to an apoptotic cell corpse can become 
competent for phagocytic function.  Coupled with the diverse molecular and 
genetic tools available in Drosophila, these key points position fly glial biology at 
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the forefront of current research aimed at elucidating the molecular mechanisms 
behind reactive gliosis and glial engulfment of degenerating neurons. 
In Drosophila, phagocytosis of glial engulfment targets (e.g. neuronal cell 
corpses, pruned neurites, and axons undergoing degeneration) is known to 
require glial expression of the Draper receptor (Awasaki et al., 2006; Freeman et 
al., 2003; Hoopfer et al., 2006; Williams et al., 2006). Interestingly, this 
requirement differs significantly from what has been observed in earlier work on 
the Draper ortholog in worms, CED-1. It has also been shown that Draper (the fly 
ortholog of CED-1) is partially required for successful engulfment of apoptotic cell 
bodies outside the CNS by macrophages (Cuttell et al., 2008; Manaka et al., 
2004). Surprisingly, in the PNS, Draper is not only required in peripheral glia but 
also muscle cells at the NMJ for efficient clearance of pre-synaptic shed debris 
(Fuentes-Medel et al., 2009). Beyond traditional phagocytes such as glia and 
macrophages, Draper is also necessary in cells undergoing autophagy (McPhee 
et al., 2010). Autophagy is known to be required for the survival of cells in 
response to starvation, but it has also been associated with cell death.  Yet the 
question remains how autophagy functions during cell survival in some biological 
contexts and cell death in others. During the development from a larval to an 
adult, the Drosophila larval salivary glands must undergo cell death.  It has been 
well established that the removal of the salivary gland requires autophagy and 
autophagy genes (Berry and Baehrecke, 2007). The removal of salivary cells 
also has been shown to occur without the presence of phagocytes, such as 
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macrophages (Martin and Baehrecke, 2004). Recently, it has been found that the 
Draper receptor, classically associated with phagocytic cells, is required for the 
phagocyte-exclusive induction of autophagy and clearance of salivary cells.  The 
role for Draper in autophagy seems to be specific for cells undergoing cell death, 
as Draper knockdown did not affect cells undergoing autophagy as a result of 
starvation, such as larval fat body cells (McPhee, et al., 2010).  
Taken together, the Draper receptor is possibly plays a role for all known 
engulfment events in or outside the CNS during development: as facilitating the 
clearance of developmental debris or functioning in dying cells during their own 
cellular self-clearance. Yet, unlike CED-1, Draper’s role in engulfment is not 
limited to developmental events, but is absolutely required in glia for glia to 
respond to and engulf severed axons undergoing Wallerian degeneration in the 
adult CNS.   
When adult fly ORN axons are severed in draper-null animals, glia fail to 
extend their membranous processes toward the degenerating axons and the 
majority, if not all, of the debris fails to be cleared from the CNS as far out as 27 
days after injury.  This is a dramatic phenotype, considering the average fly 
lifespan is only approximately two months long (MacDonald et al., 2006; 
Ziegenfuss et al., 2012).  This phenotype is appreciably different from the CED-1 
mutant phenotype in worms, where there is only a partial failure (~27%) of cell 
corpse engulfment (Cabello et al., 2010).  Additionally, RNAi directed against 
glial dCed-6, the Drosophila homolog of CED-6 that acts directly downstream of 
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Draper, phenocopies the injury response seen in draper-null animals (Doherty et 
al, 2009). This striking phenotype is also quite different from a CED-6 mutant 
phenotype in worms, which causes only a partial deficiency in cell corpse 
clearance (Cabello et al., 2010).   
Together, these studies suggest that the extension of glial processes 
toward axon debris and subsequent engulfment are tightly coupled mechanisms 
because both events are suppressed in draper mutants and dced-6RNAi animals.  
In other words, this evidence demonstrates that the Draper pathway is absolutely 
required for the activation and response of glia to clear “modified self” 
degenerating axons in the CNS. 
How does Draper/CED-1 Function? 
Given the conservation of Draper/CED-1 across species and its absolute 
requirement in the clearance of degenerating debris, the logical question to ask is 
how exactly the Draper receptor is able to activate glial cells in response to CNS 
damage.  Fortunately, we can use knowledge of the CED network in worms to 
inform our understanding of how Draper operates in the fly.  
Two intracellular domains are known to be essential for CED-1-mediated 
engulfment in the worm: an NPXY and a YXXL motif.  These domains are also 
conserved in Draper’s intracellular domain.  In C. elegans, mutations in either the 
NPXY or YXXL domain partially inhibit CED-1-mediated engulfment in vivo, and 
mutation of both motifs results in a complete block of engulfment (Zhou et al., 
2001b). The PTB domain binding site in the adaptor protein CED-6 interacts with 
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the intracellular NPXY domain of CED-1, and is important for CED-1 function, 
and this relationship is preserved in the interaction between Draper and dCED-6.  
CED-6 and dCed-6 appear to be adaptor proteins lacking kinase activity 
(Awasaki et al., 2006, Doherty et al., 2009; Su et al., 2002; Zhou et al., 2001b), but 
CED-1’s YXXL domain has been proposed to be a site for tyrosine 
phosphorylation and binding to SH2 domains within downstream signaling 
molecules.  Like NPXY, the YXXL domain is essential for engulfment activity, but 
no binding partners have been discovered in the many mutational screens 
performed in C.elegans (Pawson and Scott, 1997; Zhou et al., 2001b). Therefore, 
despite many years of studying the engulfment of cell corpses, the specific 
downstream signaling of the CED-1/Draper receptor had remained a mystery. 
The first bit of evidence revealed in the mechanism behind Draper signaling 
came from a yeast-two-hybrid screen performed in the lab of our collaborator, E. 
Richard Stanley at Albert Einstein College of Medicine.  His lab was studying the 
biology of dorsal closure during the development of the Drosophila embryo, and 
they identified a molecule called Shark (Src Homology 2 Ankyrin Repeat 
Tyrosine Kinase) as an important player in this process (Fernandez et al., 2000). 
Interested in how Shark played a role in the execution of dorsal closure, they 
performed a yeast two-hybrid screen for molecules interacting with the regulatory 
region of Shark (Biswas et al., 2006; Ferrante et al., 1995) and found that 
Draper’s intracellular domain interacts with it.  However, unlike CED-1 in worms, 
which contains only a single YXXL motif, the Draper intracellular domain contains 
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tandem YXXL motifs with the consensus sequence of an ITAM (immunoreceptor 
tyrosine-based inhibitory motif) domain (YXXI/L-X6-12-YXXL).  This domain is a 
key component in many mammalian immunoreceptors including Fc, T-cell and B-
cell receptors (Figure 4.1).  To test if Draper’s intracellular ITAM was in fact 
promoting the physical interaction with Shark, we generated tyrosine 
(Y)→phenylalanine (F) substitutions within or near the Draper ITAM.  We found 
that Y-949 and Y-934 in the ITAM domain were critical for robust Draper-Shark 
binding.  Notably, the Y-949 mutation was especially potent, causing an almost 
complete abrogation of Shark-Draper binding.  Additionally, we found that 
although Shark and Draper robustly co-immunoprecipitated with each other in 
Drosophila S2 cells, DraperY949F exhibited dramatically reduced binding to Shark. 
These data strongly indicated to us that Draper and Shark associate physically 
through Draper’s ITAM domain, providing strong physical evidence that Shark 
may be a key player in Draper-mediated glial functions.  
Indeed, our finding that Draper recruitment to severed axons was 
suppressed in glia where Shark was knocked down by RNAi was truly exciting, 
because it suggested that Shark was playing an even greater role than was 
suggested by the initial binding data.  Loss of Shark prevented not only Draper 
signaling, but also its cellular localization.  Moreover shark even controls glial 
morphogenesis, as glial specific Shark knockdown caused a failure of glia to 
morphologically respond and accumulate around areas of injured axons.   
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Figure 4.1: ITAM-based signaling (a) The ITAM sequences found on several 
mouse receptors are shown, illustrating the conformity of these sequences to the 
‘consensus’ ITAM sequence. (b) A typical ITAM-based signaling cascade is 
illustrated. Src family kinases are localized at the cell membrane and typically 
contain an acylated N-terminus, an SH3 domain (light blue), an SH2 domain 
(dark blue) and a kinase domain (red). Src family kinase activation can be primed 
by dephosphorylation of a C-terminal tyrosine in the kinase domain that relieves 
an intramolecular interaction with the SH2 domain. Receptor clustering enables 
Src family kinases to tyrosine phosphorylate ITAMs found directly on the 
receptors (not illustrated) or on associated adaptor molecules (green). Src family 
kinases themselves interact with these phosphotyrosines, prolonging kinase 
activation, and the dual phosphotyrosines facilitate recruitment of Syk family 
kinases. Syk family kinases contain dual SH2 domains (dark blue) that interact 
with the two phosphorylated tyrosines in the ITAM. Following activation by 
phosphorylation of the kinase domain (red), Syk family kinases drive signaling 
through phosphorylation of key scaffolding adaptor molecules such as LAT, 
NTAL, SLP-76, BLNK and Clnk. Abbreviations: ADAP, adhesion- and 
degranulation-promoting adaptor protein; GADS, Grb2-related adaptor 
downstream of Shc; Grb2, growth factor receptor-bound protein 2; HPK-1, 
hematopoietic protein kinase 1; Itk, inducible T cell kinase; Nck, non-catalytic 
region of tyrosine kinase adaptor protein 1; NTAL, non-T cell activation linker. 
(Reproduced from Underhill and Goodridge, 2007) 
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Figure 4.1 
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Not surprisingly, then, we found that pan-glial sharkRNAi phenocopies a draper 
null phenotype, in that it potently suppressed glial clearance of degenerating 
axons from the CNS (Fig. 3a,b).  We knew that Draper is specifically required in 
ensheathing glia, which represent the Drosophila phagocytic glial sub-type 
responsible for engulfing axon debris, and so we decided to ask whether the 
requirement for Shark followed a similar pattern.  By driving sharkRNAi specifically 
in ensheathing glia and astrocytes, we found that the clearance of debris was 
suppressed only when Shark was knocked down in ensheathing glia, further 
supporting the tight relationship between Draper and Shark (Doherty et al., 2009; 
Ziegenfuss et al, 2012).   
 Dominant genetic interaction experiments between the null draper∆5 and 
shark1 mutations showed that trans-heterozygous animals between shark and 
draper (shark1/+; draper∆5/+), have a striking suppression of glial-mediated 
clearance of severed ORN axons, more than either heterozygous mutation on its 
own.  The persistence of unengulfed axon debris was almost equivalent to that 
observed in a draper∆5 null animal.  These defects in glial responses to axon 
injury are identical to those previously observed in draper null mutants 
(MacDonald et al., 2006), and therefore argue strongly that Draper and Shark are 
acting in the same genetic pathway driving glial phagocytosis of severed axons. 
  An interesting observation regarding the binding between Shark and 
Draper in our two-hybrid assays, was that this association was only possible in 
the presence of a Src kinase, suggesting that Src activity is essential for Shark-
140 
 
Draper interactions. Interestingly, mammalian Src family kinases (SFKs) are 
known to phosphorylate tyrosines in ITAM domains (Figure 4.1), thereby 
allowing ITAM association with SH2-domain-containing proteins.  Two such 
proteins are Syk (spleen tyrosine kinase) and Zap-70, both of which are 
mammalian homologs of Shark (Berton et al., 2005; Underhill and Goodridge, 
2007).  Although there are 9 SFK members in mammals, there are only 3 SFKs 
reported in Drosophila: Src42A, Src64B, and Btk29A. 
These three Drosophila SFKs provided us with tantalizing leads on a key 
facilitator regulating Shark-Draper interactions in vivo.  Independently knocking 
down the 3 SFKs in glia surprisingly showed that only knockdown of Src42A 
(src42ARNAi) suppressed glial responses to levels seen in draper mutants and 
sharkRNAi animals. Knockdown of the two other Drosophila Src kinases showed 
no phenotype.  Moreover, we have seen that Draper phosphorylation status is 
sensitive to inhibition of SFKs providing convincing evidence that Src42A, like 
Shark and Draper, is essential in vivo for morphological responses of glia to CNS 
injury. 
Shark and Src42A represents the first signaling kinases known to interact 
with Draper, and this discovery has significantly advanced our understanding of 
glial phagocytosis.  This understanding is largely built upon what is known of 
Shark’s mammalian counterparts, Zap-70 and Syk, which bind ITAM domains in 
B cell receptors (Monroe, 2006), T cell receptors (Pitcher and van Oers, 2003), 
and phagocytic  Fcγ receptors (Cox and Greenberg, 2001).  We propose that 
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Draper signaling in glia operates in a similar way:  association of Draper with its 
currently unknown ligand promotes tyrosine phosphorylation of Draper’s ITAM 
domain via Src42A, which allows for Shark binding to Draper.  Shark-Draper 
binding ultimately initiates Shark kinase activity and downstream signaling events 
culminating in the activation of glia and the phagocytosis of severed axon debris.  
Taken together, these studies in Drosophila with Shark and Src42A, 
coupled with the lengthy persistence of debris, demonstrate that the overall 
process of activating glia to sense and respond to injured axons in a “reactive 
gliosis” manner is required and tightly controlled by Draper signaling. 
What is Downstream of Shark Signaling? 
 An obvious next step after discovering the way SFKs and Shark/Syk 
signal and interact with Draper to promote glial activation is to determine how 
Shark and Src42A use their tyrosine kinase activity to signal downstream to 
facilitate the engulfment of axon debris.  In the literature, the complex signaling of 
Fc receptors through ITAM domains with SFKs and Syk has been well 
documented, and many molecules have been assigned roles downstream of 
these proteins that help trigger macrophage phagocytosis (Berton et al., 2005; 
Underhill and Goodridge, 2007).  
It is already known that after receptor stimulation and phosphorylation of 
the ITAM domains, the recruitment and activation of Syk leads to the 
phosphorylation of several adaptor proteins, like SLP-76 (Src homology 2 
domain-containing leukocyte phosphoprotein of 76 kD).  These adaptor proteins 
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are thought to recruit additional molecules, including Vav, Grb-2, Gads and PLCγ 
to form a signaling complex at the plasma membrane (Figure 4.2).  This 
subsequently leads to the activation of multiple downstream pathways, such as 
mitogen-activated protein kinase (MAPK) and Rac signaling.  Rac in particular 
has been classically described as a regulator of cell morphology via its control on 
the actin cytoskeleton (Berton et al., 2005; Underhill and Goodridge, 2007). 
Studies have also shown that Src kinases perform additional functions beyond 
just ITAM phosphorylation and helping to facilitate Syk binding.  The loss of SFKs 
impairs actin polymerization below the phagocytic cup, leading to a failure of 
internalization (Fitzer-Attas et al., 2000). SFKs perform the additional function of 
activating non-ITAM substrates, such as phosphorylating the Gab1 and Gab2 
family of adaptor proteins, which in turn recruit phosphatidylinositol-3-kinases 
(PI3-Ks) to the membrane (Gu et al., 2003; Parravicini et al., 2002).  PI3-Ks are 
essential for helping to initiate the internalization and degradation of targeted 
engulfment objects.  PI3-Ks in conjunction with Dynamin, a large GTPase that 
plays a role in actin cytoskeletal dynamics, work to regulate the recruitment of 
Rab5 and the presentation of PIP3 (phosphatidylinositol-3-phosphate) on the 
membrane (Kinchen et al., 2008).  Rab5 is a small GTPase that plays an 
important role in phagosome maturation, and during the early stages of 
engulfment, Rab5 and PIP3 are enriched on early phagosomes, which contain 
newly engulfed particles (Vieira et al., 2002). 
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Figure 4.2: Src-family kinases (SFKs) and Syk kinase function in 
immunoreceptor signaling pathways 
Immunoreceptor- or ITAM-mediated signaling proceeds in a linear fashion, 
involving the sequential action of SFKs (red) and Syk kinases (green). The 
signaling pathways downstream of Fcγ receptors, which are prototypical 
immunoreceptors, are shown. Following aggregation of the receptors by antibody 
Fc domains, the ITAM residues (green hatching) on the receptor-associated γ-
chains are phosphorylated by SFKs. Phosphorylation of ITAM tyrosine residues 
enables association of the Syk SH2 domains, resulting in unfolding and activation 
of the Syk enzyme. Additionally, phosphorylation of sites between C-terminal 
SH2 domain and kinase domain of Syk by SFKs also contributes to Syk 
enzymatic activation. Activated Syk then phosphorylates several other 
substrates, many of which are adaptor-type proteins, such as SLP-76 (brown), 
which in turn recruit additional molecules, such as Vav (pale blue), Grb-2 (pink), 
Gads (pink) and others [i.e. phospholipase Cγ (PLCγ) and ADAP (adhesion and 
degranulation promoting adaptor protein)], leading to stimulation of downstream 
pathways, such as actin polymerization and mitogen-activated protein kinase 
(MAPK) activation. Also shown is the ability of Src kinases to activate inhibitory 
pathways by phosphorylation of ITIM-containing receptors, such as CD22, PIR-B 
or SIRP-α, which in turn recruit tyrosine phosphatases, such as SHP-1 or SHP-2 
or lipid phosphatases, such as SHIP-1. ITIM sequences are not necessarily 
found only on receptors and can be located on cytoplasmic proteins, such as p62 
Dok family members. Database searches indicate that there might be >100 
different ITIM-containing proteins, all of which might be substrates for SFKs. 
SFKs also directly phosphorylate the Gab1 and Gab2 family of proteins, which in 
turn recruit PI3-Ks (and potentially other molecules), leading to PIP3 production, 
which can activate Akt and promote cell survival signals or contribute to Rac 
activation and reorganization of the actin-based cytoskeleton (not shown). 
(Reproduced from Berton et al., 2005) 
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The enrichment of PIP3 on the surface of the phagosome represents a sign of 
continued phagosome maturation from a Rab5-positive to a Rab7-positive stage 
(Kinchen and Ravichandran, 2008). The Rab7 GTPase is a late endosomal 
component, and is recruited to the phagosome by Rab5 and Dynamin.  Rab7 
helps facilitate the fusion of late phagosomes with lysosomes, culminating in a 
phagolysosome (Henry et al., 2004; Vieira et al., 2003; Yu et al., 2008). The 
phagolysosome is a highly acidified structure, and this acidification is essential 
for the final elimination of engulfment targets, as it is only when the 
phagolysosome reaches a sufficiently low pH that cathepsins are able to degrade 
the phagocytosed particle (Lennon-Dumenil et al., 2002). 
Overall, these observations clearly demonstrate that the intracellular 
signaling pathways regulated by Src and Syk kinases are complex, but definable, 
and the hypothesis is that Drosophila Src42A and Shark signal in a similar 
fashion downstream of Draper.  We have just begun the process of testing this 
idea and to date we have used mutants and RNAi knockdown to identify Dos 
(homolog of Gab-1) and Drosophila PI3-Ks as important in the clearance of 
degenerating axon debris (J. Doherty, T. Lu and M.R. Freeman, unpublished 
observations). This is consistent with our model where Src42A acts like Src 
kinases in macrophages by working through Dos/Gab-1 to facilitate 
phagocytosis.  Additionally, similar experiments have shown Drk (homolog of 
Grb-2) and Sos (Son of Sevenless) to be important for axon debris clearance (J. 
Doherty, T.Lu and M.R. Freeman, unpublished observations).  Sos, which 
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interacts with growth factor receptor adaptor proteins like Grb-2 (Jorge et al., 
2002), can act as a Rac GEF (Miura and Kamata, 2001), and therefore acts to 
enhance actin cytoskeletal reorganization (J. Doherty, T. Lu and M.R. Freeman, 
unpublished observations). Therefore, Drk/Grb-2 and Sos (instead of the GEF 
Vav) may be functioning downstream of Shark in glia to facilitate engulfment by 
controlling cytoskeletal reorganization.  With respect to Rac, we have recently 
shown in Drosophila that the addition of a constitutively active form of Rac in a 
sharkRNAi background specifically in ensheathing glia, is able to rescue the 
sharkRNAi engulfment deficit (Ziegenfuss et al., 2012).  This provides in vivo 
genetic evidence that Rac signals downstream of Draper and Shark in 
phagocytosing glia, and is consistent with data from C.elegans that puts Rac1’s 
ortholog CED-10 downstream of Draper’s ortholog CED-1 (Kinchen et al., 2005).  
Even though uncovering the mechanism of Draper/Shark signaling in glia 
is off to a promising start, much research is still needed as neither Drk/Grb-2 or 
Dos/Gab-1 have been biochemically tied to kinase activity of either Src42A or 
Shark.  Also, it has yet to be discovered how Src42A is able to switch from an 
inactive to an active state (Figure 4.1) once a glial cell recognizes an injury has 
taken place, and in this way initiate the phosphorylation cascade leading to 
phagocytosis.  It is tempting to think that Src42A activation is a consequence of 
Draper receptor clustering, as has been proposed in mammals (Underhill and 
Goodridge, 2007), but again, this also needs to be investigated further. 
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Why was Draper Signaling Difficult to Uncover? 
As mentioned, Shark contains two SH2 domains, presumably so that 
Shark can bind both YXXL motifs in the ITAM domain of Draper, leading to 
strong binding affinity and downstream kinase signaling. This particular method 
of signaling seems simple enough, especially with regards to its apparent 
conservation in higher organisms, so it begs the question as to why a Shark-like 
or SFK-like molecule was not identified as a member of the CED-1 pathway in 
the many mutational screens performed in C.elegans.   
Firstly, the NPXY and YXXL motifs are two important intracellular domains 
in CED-1, which are also conserved in the Draper intracellular domain.  In C. 
elegans, a mutation in either the NPXY or YXXL domain only partially inhibits 
CED-1-mediated engulfment activity in vivo, but if both motifs are mutated, then 
CED-1 engulfment is completely blocked (Zhou et al., 2001b). This is unlike 
Draper signaling, where the ITAM domain, but not the NPXY domain, is 
absolutely required for glial engulfment, as there is no rescue of a draper null 
phenotype by Draper constructs containing the NPXY motif but lacking an ITAM 
domain (Logan et al., 2012).  In summary, Draper’s ITAM and CED-1’s YXXL 
motif are important for engulfment function in both organisms, and therefore 
molecules must like the non-receptor tyrosine kinases Shark and Src42A must 
exist which can bind to and signal downstream of this motif.   
Yet, when one BLASTs (Basic Local Alignment Search tool) the Shark 
protein to C.elegans in order to identify possible orthologs, no tyrosine kinases 
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containing double SH2 domains are identified.  The most similar sequences to 
Shark in C.elegans are KIN-25 and ARK-1, which only have a single SH3 and 
tyrosine kinase domain. Unfortunately, SH3 domains associate with proline-rich 
peptides rather than phosphorylated tyrosine residues and therefore, are unlikely 
to help these proteins bind in a Shark-like fashion to CED-1.  Instead, the only 
SH2-containing C.elegans non-receptor tyrosine kinases found to be similar to 
Shark are SRC-1, SRC-2, and CSK-1.  
Although these molecules are fairly similar to Shark, they are actually 
mostly homologous to Drosophila SFKs and Csk (C-terminal Src Kinase).  Both 
SRC-1 and SRC-2 contain one each of SH2, SH3, and tyrosine kinase domains.  
These protein domains exactly resemble the structure of an SFK, suggesting that 
C.elegans SRC-1 and -2 likely represent the sequence orthologs of Drosophila 
SFK’s Src42A, Src64B, and Btk29A. With respect to CSK-1, it contains a single 
SH2 domain as well as a tyrosine kinase domain, but BLAST comparison to 
Drosophila, reveals that CSK-1 is the likely sequence ortholog of Drosophila Csk, 
which is a protein with well-documented properties of inhibiting activated SFKs 
(Figure 4.1) (Underhill and Goodridge, 2007 ).  Therefore, either SRC-1 or SRC-
2 could be working in a Src42A-like manner to phosphorylate the YXXL motif in 
the intracellular domain of CED-1.  Given that CED-1 only contains a single 
YXXL motif (i.e. half an ITAM domain) in its intracellular domain, it follows that 
the Shark-like tyrosine kinase that associates with it would only need to contain a 
single SH2 domain.  Although neither SRC-1/2 nor CSK-1 is strongly 
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homologous to Shark, it might be possible that SRC1/2 or CSK-1 could take on 
the dual function of phosphorylating and binding the YXXL domain of CED-1 in a 
Shark-like manner. 
   So why were these proteins not identified in forward screens for CED-1 
signaling partners?  It is possible that there is significant redundancy between 
SRC-1, SRC-2, and CSK-1 in phosphorylating and binding to the YXXL motif 
within CED-1.  Therefore, these non-receptor tyrosine kinase proteins could 
compensate for each other when one is mutated, which would effectively mask 
any cell corpse engulfment phenotype.  Multiple kinases acting redundantly with 
each other in worms may not be surprising given the partial engulfment 
phenotype of CED-1 mutants and the partial redundancy between the CED-1 and 
the CED-2/5-12 pathways. In fact, the CED-1 mutant phenotype is quite weak, as 
only about 27% of animals show an engulfment defect (Cabello et al., 2010), and 
this requires a CED-1 protein null.  A mutation of a non-receptor tyrosine kinase 
mutant responsible for activation of CED-1’s YXXL motif would, perhaps, result in 
as slight of an engulfment deficit as to be indistinguishable from wild-type levels 
and therefore missed in forward screens.  During a mutagenesis screen, it is also 
extremely rare to find an animal in which multiple proteins with similar function, 
such as SRC-1/2 and CSK-1, would be mutated in their essential domains, 
causing them to be functionally null.  Particularly in the case of three potentially 
redundant proteins, each having to be mutated in the same animal in their key 
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catalytic residues in order to generate a phenotype, it is no surprise that a 
signaling molecule downstream of CED-1 had not previously been identified.   
In light of this recent finding of Shark-Draper binding, additional research 
is needed to determine whether SRC-1, SRC-2, or CSK-1 are necessary and 
redundant  YXXL phosphorylation and Shark-like binding to CED-1 in worms.  
Taking advantage of the in vitro experiments performed in Drosophila showing 
ITAM dependent binding between Draper and Shark, C.elegans engulfment 
research aimed at learning more about CED-1 action may benefit from a 
biochemical approach to co-immunoprecipitate potential CED-1 YXXL-motif 
binding partners. 
In any case, it is a significant finding that the main deviation between 
CED-1 and Draper is that Draper contains a complete ITAM domain, and 
because of this, signals in a way reminiscent of a classical immunoreceptor.  The 
structure of Drosophila Draper  may very well represent an important 
evolutionary step in the recognition of CNS “modified self” engulfment targets, as 
its ITAM structure and tyrosine kinase binding most resembles that of the 
mammalian macrophage Fcγ receptor, which is essential for the recognition and 
phagocytosis of pathogens (Underhill and Goodridge, 2007).  It is also striking 
that knockdown of Draper signaling in glia by any method causes a complete 
abrogation of glial morphological responses to axon injury as well as complete 
lack of engulfment of degenerating axon debris.  Essentially, this dependency on 
a single pathway is the main divergence between the engulfment biology of 
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C.elegans and Drosophila. Due of this fact, Drosophila research in the context of 
Draper-mediated glial phagocytosis may prove to be a superior model for 
understanding  mammalian glial biology, and may soon become the tool of 
choice to elucidate signaling molecules and pathways critical to human CNS 
disease pathogenesis. 
Like Draper, is Shark involved in the Clearance of Multiple Types of 
Engulfment Targets? 
Draper had been shown to be important for many different types of 
engulfment events in multiple types of cells, which lead us to question whether 
Shark is required for Draper function during processes besides the engulfment of 
axon debris in the adult CNS.  The first step was simply to determine whether 
Shark is also critical during embryogenesis, which we found to be true by 
comparing shark1 null mutants to controls at late embryonic stages (Table 1.2).  
This phenotype is very similar to that of draper∆5 mutants (Table 1.2), which 
consistently supports our model for the Draper pathway and demonstrated that 
Shark is also essential for neuronal cell corpse clearance during embryonic 
morphogenesis.  
Axon and synaptic pruning are also common phenomena during CNS and 
PNS development that share procedural similarities with Wallerian degeneration. 
To refine neural circuits, the unnecessary neural processes and synapses are 
selectively removed without affecting other parts of the parental neuron, 
suggesting a tightly controlled and specific control pathway for this process. In 
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Drosophila, the pruning of immature axon processes of mushroom body gamma 
neurons, is an important developmental event in the maturation of the nervous 
system that allowed us to test the role of Shark in physiological pruning. The 
larval gamma neurons have bifurcated axon branches, and undergo 
degeneration during early metamorphosis, with most being cleared from the CNS 
within 18h after puparium formation (APF) (Awasaki and Ito, 2004). The gamma 
neurons then re-extend their axons to form adult neural circuits necessary for 
odor sensing and learning in the adult animal.  In a background where Shibire 
(mammalian Dynamin) is dominantly repressed early during metamorphosis 
specifically in glia, Drosophila glia fail to be recruited toward pruned debris and 
fail to engulf and clear the pruned axon debris, as debris were found to persist in 
the adult brain (Awakasi and Ito, 2004).  Shibire/Dynamin is an important 
molecule necessary for many cellular processes, including endocytosis and 
vesicle recycling, and the above study revealed that without Shibire, glia are 
effectively “frozen” in place, and do not respond to pruned axon debris- much like 
the phenotype of glia lacking Draper signaling components in the adult CNS after 
axotomy.  Although there is a significant amount of unengulfed gamma neuron 
debris in a draper mutant remaining in the pupal brain at 18hours APF, this 
remaining debris is eventually cleared, as no remaining debris is observed in the 
adult CNS (Awaskai et al., 2006). The same phenotype is observed with dCed-6 , 
where pruned debris remain unengulfed at 18 hours APF, but end up being 
removed from the CNS once the animal reaches adulthood (Awasaki et al., 
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2006).  Preliminary evidence hints that Shark may also be necessary pruned 
debris clearance in the MB (O.Tasdemir and M.R. Freeman, unpublished 
observations).  These results suggest that the Draper signaling molecules, dCed-
6 and Shark, are not only required for the engulfment of severed axons in the 
adult CNS are, but are also necessary for the engulfment of apoptotic neural cell 
corpses and pruned axonal debris during development of the CNS. 
Schwann cells are the resident glial subtype in the PNS, and have an 
important role in the pruning of motor neuron axons at the NMJ, so we 
investigated whether Shark has a role in PNS engulfment as it does in the CNS.  
We found that not only are peripheral glia responsible for the removal of 
developmental synaptic debris, but they clear these debris in a Draper-
dependent manner (Fuentes-Medel et al., 2009). Without Draper expression in 
glia, pre-synaptic debris remain at the NMJ, and surprisingly, loss of Draper 
expression in muscle cells results in “ghost boutons” (or synaptic boutons which 
have failed to mature) that persist at the NMJ (Fuentes-Medel et al., 2009). 
Interestingly, dCed-6 is also required for the efficient removal of synaptic NMJ 
debris, as RNAi against dCed-6 driven specifically in glia or muscle phenocopies 
the above observations in draper mutant and knockdown animals.  Yet, a 
synaptic debris clearance defect was not observed in either peripheral glia-
specific or muscle cell knockdown of Shark or shark mutant animals (Y. Fuentes-
Medel and M.R. Freeman, unpublished observations).  This surprising finding led 
us to investigate whether Draper is signaling in this setting through its ITAM 
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domain to stimulate clearance, since Shark knockdown had no phenotype.  
Interestingly, a Draper isoform (Draper III), which contains an NPXY motif, but 
lacks a full ITAM domain (Figure 4.3a), is able to rescue a draper mutant 
engulfment phenotype at the NMJ when expressed in either glia or muscle 
(Fuentes-Medel et al., 2009). Because the NPXY motif is responsible for dCed-6 
binding and activation, this strongly suggested that Shark is dispensable for 
clearance in the PNS.  This is contrary to findings in the CNS, where the Draper 
III isoform or the Draper III isoform with a full-length extracellular domain (Draper 
I/III) fails to rescue (Figure 4.3b), even partially, the engulfment of degenerating 
debris in adult draper mutant animals after injury (Logan et al., 2012).  This 
separation of duties between dCed-6 and Shark is paralleled by observations of 
engulfment events outside the nervous system to which Draper has been 
assigned a role, namely cell-death associated autophagy in the salivary gland 
and macrophage engulfment of cell corpses (McPhee et al, 2010; Cuttell et al., 
2008). Although dCed-6 has been implicated in these contexts as important for 
clearance, Shark has not been shown to play a role in the autophagy of the 
salivary gland or during macrophage engulfment of apoptotic cells (McPhee et al, 
2010; Cuttell et al., 2008, N. Franc, unpublished observations).  
Taken together, Draper, dCed-6 and in particular, Shark, are all necessary 
for the rapid and efficient clearance of CNS-originating engulfment targets: adult 
axons undergoing Wallerian degeneration and developmentally derived cellular  
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Figure 4.3: Structure of Draper isoforms and Draper receptor swap 
constructs   
a. Draper isoform schematic. Ovals represent extracellular EGF-like motifs. 
NPXY is the predicted Ced-6 binding site. Draper-I contains an ITAM (YXXI-X11-
YXXL), which binds Shark. Draper-II contains a unique insertion (asterisk) within 
the ITAM, thereby introducing an ITIM domain. Draper-III lacks an ITAM, owing 
to a frameshift and premature stop codon. b. Schematic of chimeric Draper 
receptors, which consist of all possible combinations of Draper extracellular (ex) 
and intracellular (int) domains. 
c. The intracellular domain of Draper-I contains a classic ITAM (YXXIX11YXXL) 
with two immunoreceptor tyrosine phosphorylation sites (underlined). Draper-II 
contains a unique 11-amino-acid insertion (red text) that introduces an ITIM 
domain into Draper-II.  (Reproduced from Logan et al., 2012) 
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debris. Yet during engulfment events outside the CNS, Shark does not seem to 
play much of a role.   
Why is this?  Deductively, even though Draper acts promiscuously in 
many types of cells under different types of debris clearance events, Shark/Syk 
signaling is specifically required, along with Draper, in the context of glia 
responding to the degeneration of developmentally mature and immature CNS 
neurons.  The exclusive, critical functioning of Shark in CNS but not PNS glia 
may be due to unique cues originating from CNS debris.  Whatever they are, 
these cues have clearly evolved to require Shark-mediated signaling in order for 
clearance to occur, but the questions remain open as to what these cues might 
be and why they are needed. 
  There may be as-yet-undiscovered Shark-like non-receptor tyrosine 
kinases which signal in parallel with dCed-6 and Draper outside the CNS to 
promote clearance of cellular debris. Conversely, Shark signaling could simply be 
inconsequential in the PNS, as PNS glia and muscle could be more dependent 
upon dCed-6 signaling, as has been proposed in macrophages. 
One last reason why Shark is not important in PNS clearance is 
suggested by recent findings connecting dCed-6 to Ca2+ signaling in 
macrophages.  Undertaker (uta), a junctophilin, and the Drosophila Ryanodine 
receptor, rya-r44F, genetically interact with dced-6 and draper in macrophage-
dependent phagocytosis of apoptotic cells (Cuttell et al., 2008).  Junctophilins are 
a family of proteins which can couple Ca2+ channels at the plasma membrane 
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with Ca2+ channels at ER, including the Ryanodine receptors.  Interestingly, UTA, 
dCed-6, and Draper are all required for Ca2+ entry in Drosophila S2 cells via Rya-
r44F (Cuttell et al., 2008). We postulate that the binding of an apoptotic cell to 
Draper initiates dCed-6 signaling, which through its adaptor protein functionality, 
is able to recruit UTA and promote its localized interaction with surface Ca2+  
channels  close to the juxtaposed apoptotic cell.  Therefore a Draper/dCed-6-
dependent mechanism may actuate a Rya-r44F-mediated release of Ca2+ from 
local ER stores close to the cell corpse and stimulate a local second messenger 
signal responsible for the formation of a phagocytic cup.  In this way, phagocytic 
cells may be able to bypass the need for Shark and rely mostly on the signaling 
capabilities of dCed-6. 
Do Different Neural Debris Provoke Differences in the way 
Draper/Shark/dCed-6 Promote Engulfment? 
Apoptotic neuron cell bodies, pruned axons, and axons undergoing injury-
induced degeneration present physically different types of engulfment targets to 
glia, and demonstrate different levels of dependence on Draper signaling for their 
clearance. For example, we have observed a persistence of ~40 unengulfed 
neuronal cell corpses per hemisegment in either a draper- or shark-null late 
stage embryo, a number approximately twice what was observed in control 
animals (Freeman et al., 2003; Ziegenfuss et al., 2008).  Interestingly, PCD is 
thought to be responsible for the death of about 30% of the roughly 500 neurons 
produced per CNS hemisegment during development, which translates to about 
158 
 
150 apoptotic cell corpses per hemisegment needing to be removed from the 
embryonic CNS (Rogulja-Ortmann et al., 2007). Our work in degenerating axon 
clearance would suggest that the Draper pathway would be solely responsible for 
apoptotic cell clearance during development, as well.  However, clearly our data 
showing a draper- or shark-null clearance deficit of ~40 remaining corpses is 
inconsistent with the full predicted number that should remain if all clearance was 
fully prevented (~150). It also should be noted that an additional Draper-
interacting molecule, Simu (six microns under), which is also involved in the 
clearance of embryonic CNS apoptotic cell corpses by glia,shows an engulfment 
deficit indistinguishable from draper null mutants (Kurant et al., 2008). Moreover, 
there is no additive defect in CNS for animals which are mutant for both draper 
and simu, further confirming that these molecules share the same pathway and 
that the Draper pathway does not, in these experiments, demonstrate complete 
control over developmental CNS clearance. 
This discrepancy between the approximated total number of cells 
undergoing apoptosis and the observed unengulfed cell corpses in shark or 
draper mutants could be explained in the following ways: 1) perhaps the total 
number of cell corpses produced per hemisegment has been over estimated, and 
some cells that are hypothesized to die end up surviving; 2) neither draper∆5 or 
shark1 mutants represent a fully null animal, as a maternal contribution of wild-
type draper or shark could be masking a more severe engulfment deficit; or 3) 
Draper/Shark signaling is only partially required for clearance of cell corpses in 
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the developing brain.  Like in C.elegans, another engulfment pathway 
(CED2/5/12) may be working along with Draper/Shark to promote glial 
engulfment of CNS cell corpses.  
This last explanation may be the ultimate reason for the relatively low 
number of unengulfed cell corpses in draper or shark mutant animals, as a recent 
study has demonstrated that the Drosophila homolog of C.elegans CED-12 
(dCed-12) is necessary for the phagocytosis of developmental cell corpses in the 
periphery by macrophages (Van Goethem et al., 2012). The embryonic dced-12 
mutant phenotype only shows a partial (~30%) reduction in engulfment efficiency 
(Van Goethem et al., 2012).  Even though the role in phagocytosis of cell corpses 
for dCed-12 has not been directly tested in the embryonic CNS, this new 
information poses an interesting hypothesis that Draper and Shark might be 
working in parallel with a pathway containing dCed-12.  We predict that 
homozygous null mutations for both draper and dced-12 would show an 
enhanced persistence of unengulfed cell corpses at late stage embryos 
comparable to the approximated total number of cells undergoing PCD.  
As described, the phenotype of persistent pruned MB axon debris in a draper null 
mutant or with Draper/dCed-6 knockdown does not last indefinitely, as debris are 
fully cleared from the brain once the animal reaches adulthood. This begs the 
question whether there could be a partially redundant signaling cascade 
compensating for the loss of Draper pathway members.  This may in fact be the 
case because in experiments where glia are “frozen” and prevented from 
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migrating towards pruned debris during development, unengulfed MB debris are 
found to remain in the brain of adult animals (Awasaki and Ito, 2004).  
Additionally, recent studies in our lab have shown that Crk and dCed-12, 
Drosophila homologs of C.elegans CED-2 and CED-12 (Crk/dCed-12), are 
partially required, like Draper, in glia for the clearance of pruned gamma neuron 
debris at 18 hrs APF (O.Tasdemir and M.R. Freeman, unpublished 
observations).This data further suggests that , similar to the engulfment of cell 
corpses, a parallel pathway composed of the Drosophila homologs of the 
CED2/5/12 complex may be acting in a redundant fashion with the Draper 
pathway to mediate clearance of pruned axonal debris during development.  It 
would be interesting to show if indeed, crk or dced-12 mutants enhance a draper 
null phenotype to cause pruned axon debris around the MB to persist well into 
adulthood. 
In discussing these partial phenotypes, it is critical to remember that with 
respect to adult CNS axons undergoing Wallerian degeneration after mechanical 
injury, Draper and Shark are absolutely required in glia for the engulfment of 
severed axon debris.  Unlike the developing CNS, where glia lacking Draper or 
Shark only confer a partial engulfment defect, glia lacking Draper and Shark in 
the mature CNS demonstrate what is essentially a complete and near permanent 
engulfment defect, as the clearance of degenerating axons is completely 
suppressed for lengthy periods of time (Ziegenfuss et al., 2008; Ziegenfuss et al., 
2012).  Moreover, the observed engulfment failure is not due to an inability to 
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internalize axon debris, but rather a failure of glia to change their morphology and 
extend membranes toward the site of injury.   This is contrary to what has been 
found in the embryo, where draper mutant animals still exhibit glial migration to 
cell corpses, but ultimately fail to degrade them (Kurant et al., 2008).  It is striking 
that in response to Wallerian degeneration, glia lacking Draper/Shark/Src42A 
seem to be completely unable to respond to the fact that an injury has taken 
place and remain locked in a resting-like state. 
This data strongly demonstrates that the Draper/Shark pathway does not 
act redundantly with another parallel pathway to activate glia to morphologically 
respond to an axon injury in the adult.  In fact, it suggests that the Draper 
pathway alone is sufficient for this behavior.  Furthermore, unlike its prominent 
role in engulfment events outside the CNS, dCed-6 may not be as important as 
Shark to glial-mediated engulfment since the presence of the NPXY motif in the 
Draper III or DraperI/III construct (Figure 4.3) is unable to rescue axon debris 
engulfment by glia in a draper null animal (Logan et al., 2012). So why is Shark 
so critically important for the clearance of CNS axons undergoing Wallerian 
degeneration, but not as important for clearing neural debris during 
development?   
A likely answer returns to the idea that debris from injured mature neurons 
are inherently different from brain debris arising during development.  This 
difference could arise from aspects of the process of Wallerian degeneration, 
potentially causing injured axons to fall apart in a manner that generates unique 
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chemical or structural cues. In fact, recent evidence from our lab supports this 
idea, as mutant animals that cause a failure of axons degeneration following 
axotomy do not suppress the degeneration of pruned dendrites or axons during 
development (Osterloh et al., 2012).  This suggests that it is quite likely that 
Wallerian degeneration represents a distinct and unique process for a neuron to 
undergo, and is probably mechanistically distinct from developmental cell death 
pathways. If the molecular mechanism underlying Wallerian degeneration is 
unique, then it is possible that the resulting “come find me” and “eat me” cues 
presented to glia are also unique and specific only to injured neurons.  
The sheer possibility that this may soon be proven to be true is a source of 
incredible excitement, as it suggests that we may be able to specifically target 
the processes involved in reactive gliosis after trauma or during chronic disease 
without affecting normal, homeostatic events like brain remodeling during human 
development and early adulthood and the constant modification of neural 
pathways due to learning and memory, which rely on different pathways 
governing dendrite and axon architecture. Perhaps Shark is the first step in a 
new direction for the targeted treatment of diseases subject to Wallerian 
degeneration.  Simply allowing axon debris to persist and preventing the 
damaging inflammation of reactive gliosis could be an invaluable tool in restoring 
neuronal function and may inaugurate a new era in the treatment of neurological 
disease.  
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Uncoupling Phagocytosis from Recruitment of Glia to Degenerating Axons 
in the CNS 
The studies in Drosophila described above with Draper, Shark, and 
Src42A were novel and illuminating, but failed to completely parse the role that 
the Draper pathway plays in the multistep process of injured axon debris 
clearance.  This is because the primary phenotype for draper mutants, sharkRNAi, 
and src41aRNAi animals, is a failure to extend glia membranes to the site of injury.  
Therefore, we could not determine from these earlier studies whether defects in 
the Draper pathway would still result in a clearance defect if glia could migrate to 
the site of axon debris.  An opportunity to address this question came from the 
observation that in draper null mutants, the engulfment of developmentally 
pruned mushroom body gamma axons is delayed by only a few days and 
remaining debris are ultimately cleared by adulthood (Awasaki et al., 2006; 
Hoopfer et al., 2006).  This finding argued for the presence of pathways acting in 
a genetically redundant fashion with Draper to clear developmentally pruned 
axons, and, in fact, the C.elegans CED-2/5/12 complex was already known to 
have an established role along with the CED-1 pathway in cell corpse clearance 
in the worm (Reddien and Horvitz, 2000).   
Exciting preliminary work in our lab had shown that the Drosophila 
homologs of CED-2/5/12, Crk/Mbc/dCed-12, seemed to play a role in the 
engulfment efficiency of pruned MB gamma axons in the developing CNS (O 
Tasdemir and M.R. Freeman, unpublished observations).  Naturally, we 
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suspected that the Crk/Mbc/dCed-12 complex was playing a role in the 
engulfment of injured and degenerating axons in the mature fly CNS, so we 
analyzed mutants in this complex, and identified several exciting differences 
between flies and worms in the genetic requirements for the Draper pathway and 
the Crk/Mbc/dCed-12 pathway.  First, rather than acting in a redundant and 
complementary fashion as they do in worm cell corpse engulfment, both 
pathways (Draper/dCed-6/Src42a/Shark, and Crk/Mbc/dCed-12) are absolutely 
required in glia for the clearance of degenerated axons from the Drosophila adult 
brain.  Even 30 days after axotomy, the majority of axonal debris has not been 
cleared when either pathway is depleted from adult engulfing glial cells 
(Ziegenfuss et al., 2012).  Additionally we found that Rac1, the downstream 
GTPase of the Crk/Mbc/dCed-12 complex, is also an essential component in the 
glial engulfment machinery (Ziegenfuss et al., 2012).  A critical finding revealed 
by these experiments was that Crk/Mbc/dCed-12 and Draper each regulate 
distinct steps in the glial response after nerve injury.  As described previously, all 
known components of the Draper signaling pathway, as well as Rac1, 
surprisingly, act very early in the glial response and are required during glial 
activation for the recruitment of glial membranes to severed axons.  In contrast, 
glial-specific depletions of Crk, Mbc, or dCed-12 do not block glial recruitment to 
severed axons or termination of glial responses; instead, deficiencies in this 
pathway permit extension of glial membranes toward the debris field, but 
specifically block the ability of glia to activate a phagocytic phenotype and 
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internalize the debris (Ziegenfuss et al., 2012).  Thus glial activation and 
phagocytosis of degenerating axons are genetically separable events mediated 
by distinct molecular pathways.   
Notably, our observations are contrary to what one would predict based on 
our understanding of CED-2/5/12 and CED-10 function in C. elegans.  
Specifically, since the loss of CED-2/5/12 or CED-10, but not CED-1/6 signaling 
profoundly inhibits cell migration in C. elegans (Reddien and Horvitz, 2000; Wu et 
al., 2001), one might have predicted that Crk/Mbc/dCed-12 would play a role in 
the extension of glial membranes to severed axons.  Due to the interesting 
observation that extension of glial membranes to severed axons is largely normal 
in animals depleted of Crk/Mbc/dCed-12, it points to an unexpected but quite 
specific role for this complex in the cellular dynamics underlying phagocytosis 
rather than membrane extension.   
Another observation from the Crk/Mbc/dCed-12 deficiency experiments 
that bears consideration is that the Draper receptor and dCed-6 still robustly 
accumulate on the glial membrane processes around severed axon debris in crk 
and dced-12 knockdown animals.  This raises important new questions regarding 
Draper function during debris internalization.  Since these axons are decorated 
with Draper signaling molecules but they are not cleared, does Draper play any 
role in the phagocytosis of axonal debris or is its activity restricted to membrane 
extension?  Trans-heterozygous experiments aimed at genetically linking 
Crk/Mbc/dCed-12 with Draper failed to show an enhanced engulfment deficit, 
166 
 
providing additional evidence that the activity of the Crk/Mbc/dCed-12 complex 
does not overlap with the Draper pathway.  This suggests that, in fact, the 
primary role for Draper is to specifically activate glia after sensing an injury (i.e. 
upregulating engulfment genes and guiding glial membranes to injury sites) and 
then terminate glial responses in a timely fashion  (i.e. returning glia to a resting 
state) (Logan et al., 2012) 
Overall, this seems to be contrary to the role for Draper in the clearance of 
apoptotic neuronal cell bodies in the developing fly CNS, where glia are still able 
to internalize, but not degrade, dead cell corpses in a draper mutant background 
(Kurant et al., 2008).  Moreover, the presumed co-receptor for Draper, Simu, 
which is required for debris internalization, does not play a role in the engulfment 
of severed axon debris (M.A. Logan and M.R. Freeman, unpublished 
observations).  This further suggests that severed axon debris are inherently 
distinct from developmental neural debris on a molecular level, and require 
specific signaling mechanisms in glia which are similar but ultimately distinct from 
those required for developmental debris elimination. 
It is worth noting that since Rac1 knockdown and dominant negative 
constructs phenocopy draper mutants, our data strongly argue in favor of Rac1 
acting genetically downstream of the Draper receptor (Ziegenfuss et al., 2012). 
Indeed, previous observations in C. elegans suggest that CED-10/Rac1 might act 
downstream of CED-1/Draper, as null alleles of both ced-10 and ced-1 do not 
show an increase in unengulfed cell corpse numbers in the adult hermaphrodite 
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germline (Kinchen et al., 2005).  As previously stated, we showed that 
resupplying activated Rac1 in glia was sufficient to rescue loss of the Draper 
signaling pathway component, Shark.  This is consistent with a role for Rac1 
downstream of Shark, and therefore Draper.  However, based on the fact that 
resupplying Rac1 also rescued the loss of Crk, a component of the 
Crk/Mbc/dCed-12 GEF complex, it appears that Rac1 activation occurs not only 
during Draper-dependent glial process extension but also in phagocytosis of 
debris with Crk/Mbc/dCed-12, and is in some way a watershed event between 
these pathways. Thus, we propose that Rac1 activation immediately downstream 
of Draper likely occurs via a GEF complex that is distinct from, and possibly 
redundant with, Crk/Mbc/dCed-12. One possibility for this as-yet-unidentified 
GEF complex is the Drk/Sos GEF (Doherty J., T. Lu, and M.R. Freeman, 
unpublished observations).   
Another open question suggested by the differences in Draper pathway 
and Crk/Mbc/dCed-12 pathway activity is whether the Crk/Mbc/dCed-12 complex 
may function completely independently of Draper signaling, instead activating 
downstream of an unidentified receptor that functions in parallel to Draper.  
Indeed, Crk-II/Dock180/Elmo and CED-2/CED-5/CED-12 have been shown in 
mammals and C.elegans, respectively, to bind directly to the phosphatidylserine-
binding receptor Bai-1 and indirectly to the frizzled-like receptor MOM-5 to 
promote phagocytosis of cell corpses (Cabello et al., 2010; Park et al., 2007). 
Although a Drosophila ortholog either to BaI1 or MOM-5 has not been found, to 
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date, based on sequence identity (unpublished observation, J.S. Ziegenfuss and 
M.R. Freeman), mutants found in the screen outlined in Appendix could uncover 
the proposed MOM-5/Bai1-like receptor for Crk/Mbc/dCed-12.   Additionally, the 
sequencing of the Drosophila genome has illuminated the full repertoire of 7-
transmembrane domain (7-TM) G-protein coupled receptors (GPCRs). 
Drosophila contains ∼200 genes coding for GPCRs, including atypical 7-TM 
proteins, similar in structure to Bai-1 and MOM-5 (such as Starry Night and 
Frizzled receptors) (Adams et al., 2000; Brody and Cravchik, 2000; Clyne et al., 
2000; Rubin et al., 2000). This may allow us to complete a RNAi-based 
knockdown or mutational analysis (if null alleles are available) to determine 
whether 7-TM GPCRs in the Drosophila genome act in a Bai-1/MOM-5-like 
manner in glia during the phagocytosis step of degenerating axonal debris 
clearance. 
Insights into the Signaling between Engulfing Glial Cells and Degenerating 
Axons 
The previous discussion provides a functional view of how degenerating 
neuronal debris induce dramatic glial behaviors in order to manage brain 
responses to trauma, but the identification and production of injury-induced 
signals released from degenerating cellular material in Drosophila and mammals 
which mediate the aforementioned glial behaviors at sites of Wallerian 
degeneration are still unknown. The proceeding discussion aims at providing 
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insights into this essential, yet poorly understood, biological communication 
between glia and neurons.  
The recognition and internalization of engulfment targets by phagocytes is 
a multi-step process, and accordingly complex. Cells destined for destruction are 
thought to present an “eat me” cue on their surface, which is recognized by 
receptors on phagocytes. If the phagocyte is adjacent to the engulfment target, 
immediate recognition and engulfment can take place. However, when the 
phagocyte is far away, dying cells must recruit phagocytes by secreting diffusible 
‘come-get-me’ chemoattractant signals (Grimsley and Ravichandran, 2003; 
Lauber et al., 2004). It is known in macrophages that the activation of recognition 
receptors by “eat me” signals promotes cytoskeletal reorganization, pseudopodial 
extension around the engulfment target and eventual internalization of the 
apoptotic cell into a phagosome, which then fuses with lysosomal compartments 
to digest the internalized cellular debris (Figure 4.4)  (Krysko et al., 2006a; 
Krysko et al., 2006b). Despite the fact that these morphological changes have 
been robustly characterized, however, the underlying molecular machinery has 
remained largely a mystery.  
Genetic studies in C. elegans suggest that cell corpses may be 
recognized by neighboring phagocytes very early in the process of apoptosis, 
pointing to a mechanism for apoptotic cells to advertise themselves for clearance 
even in the earliest stages of death (Hoeppner et al., 2001; Reddien et al., 2001). 
This was a major contribution to the concept that “come find me” signals are  
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Figure 4.4: Recognition and engulfment of target cells 
a. Some engulfment targets secrete chemoattractants to entice migratory 
phagocytes to ‘come-get-me’. b. Phagocytes recognize targets for engulfment 
through activation of phagocytic immune receptors that bind ‘eat-me’ tags 
presented on the surface of engulfment targets. c. These immune receptors then 
activate downstream signaling cascades that allow phagocytes to extend 
pseudopodial projections and, ultimately, envelop and completely internalize the 
target cell into a phagosome compartment. d. Engulfed material is then digested 
efficiently within the confines of the phagolysosome.  
(Reproduced from Logan and Freeman, 2007) 
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released from cells undergoing apoptosis that attract phagocytes to engulf them 
(Figure 4.4) (Ravichandran, 2003).  Indeed, it was already known at the time that 
CED-1 receptor clustering around apoptotic cell corpses in worms preceded 
actual phagocytosis, and the intracellular domain is expendable for receptor 
clustering - although essential for internalization (Zhou et al., 2001b).  Therefore, 
it is presumed that it is the extracellular domain of CED-1 which recognizes a 
“come find me” signal coming from cells undergoing cell death, and it is solely 
necessary for the phagocyte to orient to and move toward apoptotic cell corpses.  
In C. elegans, it is the neighboring cells of cell corpses which become 
phagocytic, and these cells do not need to travel far at all to find their engulfment 
targets (Kinchen and Hengartner, 2005). On the other hand, in mammals, glia 
must precisely and rapidly migrate through dense and delicate tissue to the exact 
site of damage to perform their function. Evidence that Drosophila glia also 
respond to axon injury over long distances comes from experiments where glia 
are frozen from migrating to the injury site (using a temperature-sensitive allele of 
Shibire), and induced Draper expression is still seen one day after axotomy in 
glial cells that are physically quite distant from the severed axons (Ziegenfuss et 
al., 2012). So, what if the key difference between worms and flies was not the 
evolution of long-distance migration in glia, but of long-distance signaling in glia 
responding to dying axons?   
 Does this mean that Draper/CED-1 signaling in Drosophila has to function 
inherently in a distinct way to help glia travel long distances to find degenerating 
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axon debris? Coupled with the Shark, Src42A, and Draper ITAM-domain 
mutational studies, it has been found that glial recruitment, Draper accumulation, 
and engulfment cannot be rescued in a draper null animal by the expression of 
an intracellular-domain-truncated Draper isoform lacking the ITAM domain 
(Logan et al., 2012; Ziegenfuss et al., 2008).  Therefore, unlike CED-1 in 
C.elegans, it appears that Draper absolutely requires ITAM-dependant signaling, 
for transduction of an injury signal to allow proper glial migration and clustering of 
Draper around degenerating CNS axons.   
In mammalian cells it is interesting to note that fractalkine and nucleotides, 
adenosine triphosphate (ATP) and uridine triphosphate (UTP), released from 
apoptotic cells are capable of functioning as “come find me” cues to attract 
monocytes in vivo (Elliott et al., 2009; Truman et al., 2008). The identification of 
these apoptotic cell cues coupled with the fact that Draper is upregulated in 
“frozen” glia after axon injury, could mean that axons undergoing Wallerian 
degeneration are also actively releasing “come find me” cues that initiate the 
activation of glia to seek out engulf targeted debris. 
The identification of diffusible signals released from degenerating cellular 
material, acting as ligands for Draper, necessary for the attraction and activation 
of glia is obviously important in our understanding of how neurons and glia are 
communication with each other during Wallerian degeneration. However, one 
must not presuppose that the diffusible signal responsible for this behavior is not 
capable of stimulating other changes beyond what might be anticipated from a 
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simple “come find me” cue.  One possibility supported by findings in our lab is 
that “come find me” signals could activate or prime phagocytes to improve their 
phagocytic capacity. In Drosophila, we have observed an inducible up-regulation 
of engulfment machinery in neighboring glial cells in response to apoptosis and 
axotomy-induced neurodegeneration (MacDonald et al., 2006; Ziegenfuss et al., 
2008). Therefore, “come find me” signals released by degenerating axons could 
serve not only to attract phagocytic glia, but also to up-regulate engulfment 
components in anticipation of their arrival at the site of damage.  
Collectively, these data suggest a model for the activation of Draper/CED-
1 receptor signaling in glia after neural trauma where the extracellular domain of 
Draper first recognizes a ligand present on or near degenerating axons, which 
leads to glial activation via Src42A and Shark signaling.  Subsequent Fc-like 
signaling would then promote localized cytoskeletal rearrangements, through 
Rac1 activation, which could theoretically allow for gradient-responsive 
membrane extension towards degenerating debris and then facilitate membrane 
wrapping upon arrival.  Next, Draper clustering around axon debris could, in 
cooperation with additional signaling pathways, facilitate the local reorganization 
of the glial cytoskeleton to form a phagocytic cup and internalize the axon debris.  
This model is exciting in its plausibility, yet it fails to explain a curious 
phenomenon regarding an artifact of one of the fly models used to build it: glial 
cells lacking Crk/Mbc/dCed-12 complex function still recruit to sites of injury, yet 
are found to retreat from severed axons after a few days and return to a pre-
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injury resting state, leaving behind a vast field of unengulfed axonal debris.  This 
indicates not only that Crk/Mbc/dCed-12 and Rac1 are required to facilitate the 
formation of a phagocytic cup to internalize axon debris, as previously discussed, 
but also demonstrates, interestingly enough, that the mere presence of axonal 
debris is not sufficient to retain glial cells at the site of injury and degeneration.   
The basis behind the idea of “come find me” signals is that a chemotactic 
gradient would serve to attract phagocytes over a distance. Due to the fact that 
the above data indicates the presence of axonal debris is not sufficient to retain 
glial cells at the site of axon degeneration, it could be that the cues that promote 
glial recruitment to degenerating axons are transient and degrade over time. The 
presence of an early and transient axon-to-glia signal is suggested by the fact 
that we see a transient induction of Draper activity one day after axotomy in glial 
cells that have been frozen far from the site of degeneration by use of shits 
(Ziegenfuss et al., 2012).  The observation that Draper is eventually down-
regulated to baseline levels in these distant glia after a few days could hint at the 
existence of an intrinsic process at work that acts to modulate glial activation in 
the presence of chronic stimuli. Additionally, could the sub-cellular localization of 
Draper induction be more intense on the surface of the frozen glia proximal to the 
site of degenerating debris?  This would be very interesting and supportive of the 
idea that Draper contributes to the sensing of a chemotactic gradient. 
Delving deeper into this study, we have observed that the chemical 
properties of axonal debris, specifically the cues required to recruit glia to injury 
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sites and induce phagocytosis, do not change for at least one week after 
axotomy.  We were able to demonstrate this by reversibly blocking glial 
recruitment to severed axons for seven days using shits.  Upon release of the 
animals to the permissive temperature, we observed largely normal glial 
membrane recruitment to sites of degenerating axons and normal axon debris 
clearance.  So why do glia lacking Crk/Mbc/dCed-12 then leave the injury site 
only a few days after axotomy, when “come find me” cues from degenerating 
neurons should be in full swing?  A key difference between our RNAi 
experiments with Crk/Mbc/dCed-12 and the shits blockade of engulfment activity 
is that with the RNAi experiments, glial cells were able to interact directly with 
severed axons for several days.  This contact with axons could have allowed glia 
to alter the surface properties of axonal debris.  For example, glia could bind and 
neutralize so-called “eat me” or “come get me” cues generated by axons, or 
otherwise alter axonal debris in such a way that make it no longer capable of 
attracting additional engulfing glial cell types.  Alternatively, essential recognition 
receptors on glia lacking Crk/Mbc/dCed-12 could adapt to the presence of axonal 
debris over time, thereby decreasing or eliminating their sensitivity to this 
engulfment target.   
This last possibility, that glia might be intrinsically programmed to remain 
at sites of engulfment for only a finite time before terminating their response, is 
especially exciting because of preliminary findings in our lab regarding a recently 
identified isoform of Draper, Draper-II. Draper-II is an alternative splice variant of 
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Draper, that specifically promotes termination of glial engulfment activity after 
axotomy in vivo (Figure 4.3a,c) (Logan et al., 2012). Briefly, Draper-II functions 
as an inhibitory ITIM receptor that is activated after the pro-engulfment ITAM 
receptor Draper-I, and subsequently drives glia into a resting state by 5-7 days 
after axotomy.  Our observation that termination of glial responses occurs on a 
similar schedule in animals lacking Crk/Mbc/dCed-12 suggests that this timing 
occurs independently of Crk/Mbc/dCed-12 signaling, and that Crk/Mbc/dCed-12 
is not critical for Draper-II function, further supporting its role as a separate entity 
from canonical Draper-I signaling.  These findings provide a conceptual 
framework within which Draper-dependent regulation of glial activation and 
termination is genetically uncoupled from internalization and clearance of debris.  
Yet, somehow the communication between axonal debris and glia must be 
different in Crk/Mbc/dCed-12-deficient backgrounds because although glia 
retreated from the injury site after 5-7 days (a timing that is consistent with a 
Draper-sufficient timing model), they did not ever re-recruit back to the 
unengulfed debris, even as late as 30 days after axotomy (which is inconsistent 
with data from shits experiments suggesting delayed activation and response is 
possible).  Defining the molecular cues that mediate these cell-cell interactions 
and how they can be modulated will be extremely interesting and likely relevant 
to neurological disease, since our data indicate that a failure by glia to efficiently 
clear engulfment targets during a critical window leads to the irreversible 
accumulation of potentially harmful neural debris in the mature brain.  
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Communicating with the Dead: What are the Cues presented to Glia by 
Injured Axons? 
To switch perspectives for a moment and consider the neuronal side of 
this story, what could be the internal mechanism at work in a debris structure that 
leads to the release of “come find me” or “eat me” cues?  Does axon injury 
passively cause leaking of engulfment cues from detached cell fragments, or is 
an active process at work here?  
It does not seem that axons passively leak engulfment cues into the 
environment as soon as they become injured, as studies with Wlds have shown 
us that if axon degeneration is suppressed, then glial activation and recruitment 
to the injury site is also suppressed (MacDonald et al., 2006).  Therefore the 
process of releasing or expressing “come find me” and “eat me” signals for glia is 
probably the endpoint of a complex molecular signaling cascade downstream of 
molecules which actively promote Wallerian degeneration.  
We may know that a “come find me” cue is likely a ligand for Draper, 
promoting increased Draper expression in glia, and is expected to act over some 
distance in the brain. Yet so far an in vivo molecule working in this capacity the 
CNS has not been found. A recently identified molecule, Pretaporter, has been 
suggested to function as a ligand for Draper.  Pretaporter is an endoplasmic 
reticulum (ER) associated protein, which in a co-IP with induced apoptotic S2 
cells, was found to associate with Draper (Kuraishi et al., 2009). Yet, experiments 
have not been done to definitively show that Pretaporter is required specifically in 
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the apoptotic cell, as there is a good chance that Pretaporter could be normally 
associated with endosomal receptor recycling in the phagocyte.  The Draper 
receptor may very well be recycled during its activation, and knocking down 
proteins involved in receptor recycling would therefore have a detrimental effect 
on the ability of the phagocyte to recognize and engulf its target. Moreover, 
several labs have failed to observe an in vivo Pretaporter requirement in assays 
involving the Draper receptor, such as with glial engulfment of pruned MB axons 
in the CNS or autophagy of the larval salivary gland (T. Awasaki, C.K. McPhee, 
and E.H. Baehrecke, unpublished observations). Therefore, it is currently unlikely 
that Pretaporter represents an in vivo ligand for Draper, and therefore the 
identification of “come get me” cues is still wide open for discovery.   
Although “come find me” signals can recruit phagocytic glia to the 
proximity of axonal debris within a tissue, the specific recognition of the 
degenerating axons among the neighboring live axons may depend on very 
specific “eat me” signals exposed solely by axon debris. To date, multiple “eat 
me” signals in mammalian cells with regards to recognizing apoptotic cell 
corpses have been identified and include: exposure of PS, changes in charge 
and glycosylation patterns on the cell surface, alteration of ICAM-1 epitopes on 
the cell surface, and exposure of calreticulin (Gardai et al., 2006), but no “eat me” 
cues have be discovered with regard to axons undergoing Wallerian 
degeneration.  
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This “eat me” signal could autonomously tag axonal debris in such a way 
that glia are able recognize it as an engulfment target, and thus helping to 
facilitate glial processes to form a phagocytic cup to internalize targeted debris.  
Therefore, concerning the Crk/Mbc/dCed-12 pathway, it can hypothesized that 
axonal debris expose “eat me”  signals on their surface, which may act as a 
ligand for an as-yet-identified Bai-1/MOM-5-like receptor for the Crk/Mbc/dCed-
12 complex which promotes the phagocytosis and internalization of axonal debris 
by Crk/Mbc/dCed-12 once activate glial processes reach their target. This would 
lead to the degradation of internalized axonal debris, where newly engulfed 
debris undergo phagosome maturation steps leading to their destruction within 
glial phagolysosomes. Finally, once debris have been eaten and digested, 
thereby eliminating “find me” and “eat me” cue simulation, phagocytic glia may be 
able to down-regulate their engulfment machinery, retracting their processes, and 
returning back to a pre-injury resting state morphology.   
So how do we go about finally uncovering these elusive cues? First, an 
intriguing opportunity is to use the Shibire “freezing” experiment to prevent glia 
from migrating toward injured axons and screen for mutant animals that fail to 
show an accumulation of Draper-positive puncta around the periphery of the 
antennal lobe.  A lack of Draper puncta would either indicate that glia are unable 
to sense a “come get me” cue due to an abrogation of Draper receptor signaling, 
or axons failed to release a “come find me” cue and therefore glia do not 
upregulate Draper.  The mutants in such a screen could be compiled from null 
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alleles of a literature based search of Drosophila homologs of proposed “come 
find me” cues emanating from apoptotic cells, such as fractalkine, from 
mammalian cells.  Or, an unbiased approach could be used to generate EMS 
mutants, and animals that show an axon clearance phenotype originating from a 
mutation in the axon itself (see Appendix) could be used in the above Shibire 
experiment to determine whether Draper-positive puncta are produced after 
injury.  An analysis of these mutant animals would help to elucidate molecules 
that either act as the “come find me” cue or promote its production in the injured 
axon.  A similar approach could be used to find “eat me” cues on axon debris by 
screening Drosophila mutant alleles or RNAi knockdowns of proposed 
mammalian “eat me” cues to visualize glial membranes and axon debris and 
identify molecules that do not affect glial membrane recruitment but do prevent 
internalization.  Additionally, as proposed for “come find me” cues, an EMS 
based screen could be used to help identify molecules involved in the axon’s 
ability to expose “eat me” cues and become engulfed once glia arrive at the site 
of degeneration. 
Communicating with the Living: How do Glia Recognize Healthy Neurons? 
 In a healthy brain, microglia normally survey the CNS environment by 
extending their processes to “feel around” neurons in order to determine 1) if they 
are “self” antigens and not a foreign pathogens and 2) if they are sick or dying 
(Davalos et al., 2005). If a neuron is healthy and functioning properly, it must 
present a “don’t eat me” signal to potential phagocytes, which would act not only 
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as a marker of “self” but also serve as a repulsive/negative cue to surveying 
microglia.  
It was recently discovered that CD31, also known as platelet-endothelial 
cell adhesion molecule-1 (PECAM-1) and part of the immunoglobulin 
superfamily, is expressed on non-apoptotic leukocytes and may serve as a “don’t 
eat me” signal to phagocytosing macrophages (Figure 4.5).  The homophilic 
interaction between CD31 molecules on living leukocytes and macrophages 
mediates an active detachment of leukocytes from macrophages without 
internalization (Brown et al., 2002).  During apoptosis, this molecular 
“handshake” between CD31 on the dying leukocyte and the macrophage is 
disabled so that leukocyte CD31 fails to actively reject the phagocyte. It is 
thought that during apoptosis, the CD31 “don’t eat me” detachment signal on 
dying leukocytes is modified to instead be adhesive and acts together with 
expressed “eat me” cues to trigger the process of engulfment (Figure 4.5).  
However, the mechanism behind how cell death switches CD31 from a repulsive 
to an “adhesive” state has remained a mystery.  The potential mechanism 
underlying CD31 “don’t eat me” signaling might be dependent upon regulation of 
ITIM-mediated signaling.  Live healthy leukocytes are able to disengage from 
macrophages via a functional ITIM motif within the intracellular domain of their 
membrane-expressed CD31 proteins.   
When the ITIM consensus tyrosines are mutated, healthy cells are unable 
to detach from macrophages, therefore implying that CD31-ITIM-dependent 
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Figure 4.5: Lack of Don't-Eat-Me Signals on the Surface of Apoptotic Cells 
In vertebrates, professional phagocytes often meet potential target cells and 
interact with them through their respective CD31 proteins. If the target cell is 
viable, inside-out signaling is stimulated resulting in the target cell's active 
repulsion from the phagocyte. If the target cell is apoptotic or dying, inside-out 
signaling through CD31 is disabled, and the target cell does not actively reject 
the phagocyte. This supports recognition of the dying cell by specialized 
engulfment receptors on the phagocyte. (Reproduced from (Lauber et al., 2004)) 
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signaling is disrupted in apoptotic cells.  In fact, immunoprecipitation experiments 
showed that CD31 expressed by apoptotic leukocytes failed to associate with the 
essential ITIM-binding signaling tyrosine phosphatase, SHP-1 (Brown et al., 
2002).  Taken together from what we know so far, when a healthy cell undergoes 
death, it likely loses its CD31-ITIM signaling properties, and can therefore take 
on an adhesive property and become receptive to phagocytic internalization 
(Brown et al., 2002).  
How the interaction between the modified CD31 from an apoptotic dying 
cell and the CD31 on the macrophage leads to quenching of the “don’t eat me” 
cue and subsequent dead cell phagocytosis is poorly understood.  A possible 
explanation stems from the finding that the voltage-gated potassium channel, 
ether-à-go-go-related gene (ERG), which has also been described in microglia 
cell lineages, acts as a downstream effector of CD31 signaling in the 
macrophage (Smith et al., 2002; Vernon-Wilson et al., 2007; Zhou et al., 1998).  
Macrophage-expressed CD31, in an ITIM-independent
Savill et al., 
2002
 fashion, was found to 
inhibit an ERG-mediated repolarization of the resting membrane potential of 
macrophages, thereby rendering the phagocyte depolarized (Vernon-Wilson et 
al., 2007). Vernon-Wilson and colleagues demonstrated that the prolonged 
depolarization of the phagocyte correlates with the firm binding between 
macrophages and apoptotic cells in an integrin-dependent manner (
; Vernon-Wilson et al., 2007).  This depolarized transmembrane potential 
can regulate phosphatidylinositol (such as PIP3) levels through the activation of a 
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voltage-sensing phosphatase (Murata et al., 2005; Zhao et al., 2006).  Changes 
to the phosphatidylinositol pool will ultimately help recruit cytoplasmic signaling 
proteins involved in phagocytosis to the plasma membrane (Yeung et al., 2006).  
Perhaps CD31-ITIM signaling from a healthy cell is able to signal with the 
macrophage in a way that promotes the action, rather than inhibition, of the ERG 
channel, and keeps the phagocyte repolarized and non-adherent.  Therefore, if 
the phagocyte becomes repolarized while in close contact with a CD31-
expressing healthy cell, it will simply move on and survey another target. 
The investigation of repulsive signals on cells extends beyond leukocytes, 
as additional “don’t eat me” cues have been identified in other cell types such as 
red blood cells (RBCs). For instance, CD47, or integrin-associated protein (IAP), 
on RBCs functions as a “don't eat me” marker by sending a negative engulfment 
signal to macrophages through the signal regulatory protein α (SIRPα) receptor 
(Oldenborg et al., 2000). Thus, macrophages have phagocytic receptors capable 
of recognizing normal “self” RBCs, and the CD47-SIRPα “don’t eat me” signal is 
sufficient to counteract initiation of a phagocytic program (Oldenborg et al., 
2000).  SIRPα is known to be tyrosine phosphorylated by SFKs at its ITIMs 
(Veillette et al., 1998). The phosphorylated ITIMs bind to the tyrosine 
phosphatases SHP-1 and SHP-2, thereby recruiting them to the plasma 
membrane and activating them (Underhill and Goodridge, 2007). SHP-1/2 are 
able to interrupt the signaling of ITAM–dependent receptors, such as mammalian 
Fc receptors and the Drosophila Draper receptor, likely by dephosphorylation of 
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the receptors’ ITAM domain or ITAM-binding molecules (Syk/Shark) 
(Kharitonenkov et al., 1997; Logan et al., 2012; Underhill and Goodridge, 2007).  
Therefore it is very interesting that the inhibition generated by a CD47-SIRPα 
interaction is strongly reduced in animals which have deficient SHP-1 
phosphatase activity, suggesting that SIRPα “don’t eat me” signaling in the 
phagocyte is mediated by SHP-1 (Oldenborg et al., 2001).  It is interesting to 
note that the disruption of interactions between CD47 on the target cell and 
SIRPα on the engulfing cell can lead to the engulfment of viable cells in a 
calreticulin/LRP-dependent manner (Gardai et al., 2005).  This was an important 
finding since calreticulin, which acts like PS as a general “eat me” recognition 
ligand, is found on the surface of viable cells.  This suggests that mechanisms 
(such as CD47- SIRPα signaling) are normally in place to prevent the inadvertent 
uptake of healthy cells. This new information is incredibly fascinating, as this 
compels us to remold our way of thinking about the differences between healthy 
and dead cells.  Perhaps the physical surface of healthy and apoptotic cells are 
largely similar, in that they both constantly present a plethora of “eat me” cues 
that can readily stimulate phagocytosis, and the only difference is that the healthy 
cell still has the capability, through CD47- SIRPα, to actively suppress 
engulfment by forcing the surveying phagocyte to overcome its ever-present “eat 
me” cue. 
The critical question is whether these “don’t eat me” cues are also present 
on neurons and glia and if they communicate with each other like they do in 
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macrophages and RBCs. CD47 is in fact expressed in the various cell types in 
the CNS and PNS, including neurons, microglia, myelin-forming oligodendrocytes 
and Schwann cells (Brown and Frazier, 2001; Gitik et al., 2011; Reinhold et al., 
1995).   SIRPα is also expressed on neurons and microglial cells, but not in 
oligodendrocytes or Schwann cells (Gitik et al., 2011; Noda and Suzumura, 
2012).  It was found by Gitik and colleagues that intact myelin expressing CD47 
is able to down-regulate its own phagocytosis by SIRPα-expressing microglia via 
a CD47-SIRPα interaction (Gitik et al., 2011). Therefore, CD47 likely functions as 
a marker of “self” and a “don’t eat me” signal to protect healthy in-tact nervous 
system tissue from not becoming the prey of activated microglia. Presumably 
then, the CD47 cue is abrogated in degenerating axons and myelin after a 
traumatic axonal injury much like in dying RBCs, and microglia are then free to 
engulf this debris.  
This finding has the potential to lead to some very exciting discoveries 
concerning the general health of the nervous system and how the vast neural 
destruction observed after TBI and during degenerative diseases can be 
prevented.  Knowing that SIRPα-ITIM-SHP-1 signaling affects ITAM-containing 
receptor function, the analysis of a Drosophila SIRPα-like molecule may shed 
light how the Draper receptor may be collecting information from healthy or 
damaged neurons and initiating the activation of glial responses following 
axotomy. Future experiments might be able use the knowledge from fly and 
mammalian studies to show that the negative regulation of microglial phagocytic 
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receptors via CD47-SIRPα is a general mechanism used to actively prevent 
ingestion of healthy neuron cell bodies, axons, dendrites and even synapses. If 
this is found to be the case, then adding CD47 to sick or damaged neurons, or 
forcing the activation of microglial SIRPα signaling may be the answer to halting 
human degenerative diseases and the secondary wave of degeneration seen 
after brain injuries.   
Applications for Draper Signaling in Mammalian Glia during Trauma or 
Disease 
The engulfment field is relatively young, and yet we can already 
appreciate how the process of clearing “modified self” brain debris during 
development and injury is a critical process and component in the homeostatic 
health of the CNS.  Failed clearance or hyper-phagocytic responses to apoptotic 
cells, neural debris, plaques, or foreign chemical pathogens is thought to be a 
feature of diseases ranging from autoimmunity and atherosclerosis to 
neurological disorders like multiple sclerosis, Alzheimer’s, and Parkinson’s  
disease (Block et al., 2004; Block et al., 2007; Elliott and Ravichandran, 2010; 
Linnartz et al., 2010; Lull and Block, 2010).  A detailed understanding of how 
phagocytes encounter and engulf their targets could be used to tailor phagocytic 
activity in clinical situations where phagocytes might be beneficial to brain health 
if directed to become under or over-activated, and therefore provide a 
refreshingly novel and much-needed alternative for treatment. 
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In the case of health of the mammalian CNS, microglia are the resident 
immune cell.  Microglia enforce an active immune defense in the CNS, 
phagocytosing foreign material like invading bacteria and “modified self” debris 
like dead or dying neurons.  In the healthy brain, microglia are normally found in 
a resting state, characterized by a relatively small body and many highly 
branched motile processes that continuously survey the microenvironment for 
signs of mal-health (Biber et al., 2007; Hanisch and Kettenmann, 2007; 
Ransohoff and Perry, 2009). Therefore, microglia are regarded as active health 
sensors of the CNS, capable of detecting biochemical changes that warn of 
particular pathologies taking place in the brain (Hanisch and Kettenmann, 2007). 
In response to various insults, including neuronal trauma, tissue ischemia and 
disease states, microglia change from an immunologically quiescent state to an 
activated state.  Activated microglia undergo reactive gliosis and take on a 
hypertrophic phagocytic morphology, rapidly migrating to the site of tissue 
damage and phagocytosing cellular debris (Davalos et al., 2005). 
Increasing evidence indicates that microglia are involved in almost all 
types of brain pathology.  Although these studies demonstrate that acute 
microglial overactivation may be harmful to the brain, microglial responses can 
also initiate anti-inflammatory and immunosuppressive signaling that stimulates 
repair, resolution of inflammation, protection, and facilitation of a return to pre-
injury homeostasis (Cardona et al., 2006; Neumann et al., 2009; Ransohoff and 
Perry, 2009). Therefore, an ideal therapeutic approach in response to early 
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indications of neural trauma or disease, which might over-activate glia, could be 
to reduce the microglial response to levels that are no longer deleterious, rather 
than eliminate the microglial response altogether which would invariably be 
dangerous to the long-term health of the brain (Figure 4.6).   
For example, from this work describing the physiological outcome of glia 
lacking Crk/Mbc/dCed-12 function, this pathway could be targeted in the setting 
of chronic inflammatory disease of chronic activation of microglia during brain 
trauma or disease.  The ability to temporarily attenuate Crk/Mbc/dCed-12 
precisely in microglia could allow essential axon recognition receptors on glia 
lacking Crk/Mbc/dCed-12 to adapt to the presence of axonal debris and 
terminate their responses without becoming re-activated.  This would provide an 
opportunity to decrease or eliminate glial sensitivity to engulfment targets and 
essentially shut down glial activation in the face of unresolved or accumulated 
neural debris, thereby preventing the propagation of toxic microgliosis-inducing 
damage.  Essentially, this mode of therapeutic action might be able to 
significantly improve clinical outcomes for patients suffering from the secondary 
wave of SCI-induced degeneration or those with progressive neurodegenerative 
diseases.  However, much work is still needed in order to identify if 
Crk/Mbc/dCed-12 homologs (CrkII, Dock-180, ELMO) function in microglia 
similarly to that of fly glia, as well as markers that could broadcast to the 
physician the moment of therapeutic opportunity - where normal phagocytosis 
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Figure 4.6: Microglial activation, neuronal death and the therapeutic 
relevance 
 Although the initiating stimuli and specific rate of neuron loss can be individually 
unique for each patient and neurodegenerative disease, here we depict the 
generalized hypothesis of the relationship between microglial activation, neuron 
damage and disease diagnosis. Neuronal damage due to an unknown instigating 
stimulus can result in microglial activation that will be driven by the further loss of 
neurons throughout the disease. Microglial activation can pass the threshold of 
beneficial function and become deleterious, fuelling further neuronal loss 
(reactive microgliosis) and resulting in a perpetuating cycle of neurotoxicity and a 
progressive neurodegenerative disease. Currently, disease diagnosis and 
commencement of therapy occurs outside the optimal therapeutic window, long 
after extensive damage has occurred. The ideal therapeutic regimen would 
involve prevention: early detection of microglial activation through in vivo imaging 
and anti-inflammatory therapy to reduce microglial activation to non-deleterious 
levels holds the promise of slowing and perhaps halting disease progression 
before extensive irreversible damage and clinical symptoms occur. The advance 
of technology and the enhancement of in vivo imaging techniques offers the hope 
of testing this proposed relationship of neuronal loss and microglial activation 
across the human disease course and the opportunity to initiate and monitor 
therapy during an optimal therapeutic window. Notably, whereas the optimal 
therapeutic window coincides or precedes the bulk of neuronal damage, which 
typically occurs before diagnosis for most neurodegenerative diseases, anti-
inflammatory therapy might still attenuate the disease progression after 
diagnosis.  (Reproduced from Block et al., 2007) 
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has done its job as fully as possible and microgliosis has not gone too far and 
embarked on an over-active and destructive path. 
Additionally, with respect to the Drosophila brain, we now know that 
concretely that Draper binds to the non-receptor tyrosine kinase Shark in a 
phosphorylation-dependent manner. Both the activity of Shark and the ITAM-
phosphorylation of Draper by Src42A is required for Draper-mediated signaling 
events, including the activation of glia and their attraction to axons undergoing 
Wallerian degeneration.  Draper, therefore, represents an ancient 
immunoreceptor with its extracellular domain tuned to recognize "modified self" 
(i.e. degenerating axons), while the intracellular domain signals via ITAM- and 
Syk-mediated mechanisms.  An interesting idea stemming from this research is 
that the Draper pathway may be one of a founding family of signaling pathways 
that have ultimately given rise to ITAM-based signaling pathways in mammals, 
including those absolutely essential pathways regulated by the Fcγ, B-cell, and 
T-cell receptors, which we rely so heavily on to protect us from foreign invaders.  
It is not unreasonable to postulate that SFK-ITAM-Syk-mediated signaling is not 
limited to cells like macrophages, B-cells and T-cells in higher order organisms, 
but is also operating in microglia for the recognition and elimination of neurons 
undergoing Wallerian degeneration in the CNS. Draper signaling, therefore, 
could potentially be quite directly applied to mammalian glial biology. 
The closest mammalian sequence orthologs of Draper are Jedi-1(also 
known as Pear-1 and MEGF12) and MEGF10.  Both of these proteins have 
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recently been shown to be expressed in the precursors of dorsal root ganglion 
satellite glial cells during early CNS development, and both receptors are 
involved in the clearance of cell corpses by glia (Wu et al., 2009). It is 
hypothesized that the signaling of Jedi-1 and/or MEGF10 both work in an ITAM-
mediated fashion along with a Shark-like tyrosine kinase, such as Syk, since both 
receptors contain an ITAM-domain like Draper. Since Draper not only functions 
during early development but also in the adult brain of flies, Jedi-1/MEGF10 
might also fulfill this dual role and function in mammalian glia in the developing 
and mature CNS.   
There is also the question whether the glial ITAM-Syk signaling we see in 
the Drosophila CNS is a common tool that is applied in other microglial receptors 
besides Jedi-1/MEGF10, which could help transduce injury cues and activate 
microglia to become phagocytic. There are many proposed receptors in microglia 
that have been observed to coincidentally become up-regulated after brain 
inflammation or neurodegenerative disease (Block et al, 2007; Linnartz and 
Neumann, 2010).  Perhaps some of these receptors are actively involved in 
responding to injury or disease cues and signal in an ITAM-dependent fashion to 
activate microglia and drive phagocytosis.  Interestingly, the Draper-ITAM 
signaling pathway shares similarities with an immunoreceptor signaling pathway 
in mammals downstream of the transmembrane adaptor protein DAP12. This 
protein is a transmembrane adaptor protein with two intracellular ITAM motifs 
and represents another protein besides the Fc receptor that is also activated in 
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an ITAM-Src kinase-dependent manner (Linnartz and Neumann, 2010).  DAP12 
has been classically studied in bone physiology, but also seems to be expressed 
in microglia and associates with cell membrane receptors, including one called 
“triggering receptor expressed on myeloid cells 2” (TREM2) (Colonna, 2003). 
 TREM2 is a glycoprotein found on microglia (Schmid et al., 2002) that is 
composed of one extracellular Ig-like domain and a short intracellular tail. 
TREM2 seems to lack intracellular signaling capability, thus it is proposed to be 
dependent on the presence of the adaptor protein DAP12 to transduce signals 
across the membrane (Colonna, 2003; Frank et al., 2008). Upon TREM2 
interaction with its unknown ligand, the phosphorylation of DAP12-ITAM is 
induced and the phagocytic activity of microglial cells is seen to increase in vitro 
(Gaikwad et al., 2009; Takahashi et al., 2005; Tomasello et al., 2000).  
Another potential microglial DAP12-associated receptor is the complement 
receptor 3 (CR3).  CR3 is a heterodimeric integrin receptor (comprised by CD11b 
and CD18) and is involved in the complement pathway of the innate immune 
response. Complement 1q (C1q), the first component of the classical 
complement pathway, mediates complement 3 (C3) deposition on apoptotic cells. 
It has been observed, not unexpectedly, that CR3 can play an important role in 
the clearance of C3-covered structures (Lu et al., 2007). Direct binding between 
CR3 integrins and DAP12-ITAM has not been demonstrated so far, but it has 
been suggested by data showing that CD18-mediated Syk activation requires 
ITAM-containing proteins, such as DAP12 and FcR (Mocsai et al., 2006).  
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Moreover, both DAP12 and CD11b have been shown to be required for neuronal 
targeting by microglia to induce developmental clearance of specific hippocampal 
neurons (Wakselman et al., 2008). During disease states in the brain, such as 
Alzheimer’s, the complement system has been associated with initiating 
inflammatory reactions, inducing activation and migration of immune cells, and 
facilitating phagocytosis(Lucin and Wyss-Coray, 2009; Maier et al., 2008).  
Therefore switching on the complement system via ITAM-mediated mechanisms 
could be an important non-canonical method to help facilitate microglial reactions 
to brain debris stemming from trauma or disease in specific contexts.  
Since Draper functions like an Fc receptor in flies, could Fc receptor 
signaling in mammals work to activate microglia after trauma or disease? 
Additionally, could Fc receptor signaling members such as SFKs or Shark 
homologs be contributing to the proposed over-activation of glia that contributes 
to neurodegenerative propagation?  Firstly, microglial cells can express the 
activating Fc receptors, CD16, CD32, and CD64, and these Fc receptors have 
been observed to increase in their expression in areas of brain damage, such as 
sites of multiple sclerosis-induced neurodegeneration (Ulvestad et al., 1994).  
Could this just be coincidental, or are these receptors actively working to help 
promote microgliosis? 
In myeloid leukocytes, increased ITAM signaling, through expression of 
constitutively activated SFKs, and loss of inhibitory ITIM signaling in SHP-1 
mutants, were shown to result in exaggerated inflammatory responses in vivo 
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(Ernst et al., 2002; Thomas et al., 2004). In Drosophila, Shark, Src42A (SFK), 
and Csw (SHP-1) have all been shown to be critical regulators of the complex 
and time-sensitive process of glial activation in response to degenerating axons 
(Ziegenfuss et al, 2008; Logan et al., 2012).  Considering the finding that Shark 
depletion is tolerated in the developing fly CNS, but causes a complete 
abrogation of glial activation in the adult, could it be possible that a Shark-like 
non-receptor tyrosine kinase works in a similarly specific manner in the 
mammalian CNS to recognize and respond to Wallerian degeneration?  
Moreover, could these ITAM and ITIM signaling pathways also be at the heart of 
a mammalian microglial response to injured or dying neurons?  If so, could their 
dysregulation be the primary source of deleterious microgliosis, which contributes 
to the propagation of disease states and so much suffering and deaths in aging 
humans?   
Conclusions 
Cumulatively, these experiments, observations, and correlative findings 
from several animal models all point to a conserved role for Draper-like SFK-
ITAM-Syk signaling in CNS glia.  This pathway shows many hallmarks of an 
essential and primordial player in CNS development and homeostasis that has 
quietly and confidently served, quite possibly, as the blueprint upon which higher 
organisms have expanded and built at least two absolutely critical and 
unquestionably complex systems: the modern adaptive immune system and the 
human brain.  Research focusing on the discovery and characterization of 
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mammalian Draper homologs and the means by which other microglia receptors 
interpret injury or disease signals though ITAM-mediated means may provide us 
with breakthrough understanding of how our glia react to various CNS insults. 
The findings discussed in this proposal suggest that we are at a turning 
point in the understanding of neurodegeneration in humans, and the little story of 
the role for glia in this process may yet be revealed as the greatest revelation in 
our exploration of brain function.  We may be at the brink of finally understanding 
that glia are not simply causal allies or adversaries in disease, but instead act as 
multi-functional homeostatic fulcrums capable of massively integrating stimuli 
from the CNS microenvironment and executing elegant, albeit occasionally 
misguided, solutions to highly complex neurological problems. This is an exciting 
time to be at the forefront of glial biology research, not only for those interested in 
flies, but for everyone who considers themselves a part of this aging, human 
world.   
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APPENDIX: Using a Forward Genetic Screen to Reveal Novel Neuronal and 
Glial Mutations Affecting the Clearance of Degenerating Axons 
The work conducted in this chapter was performed in the lab of Dr. Marc 
Freeman. My contribution to this work included extensive participation in EMS 
mutagenesis screening of the 3rd chromosome, which included  all work 
associated with the generation of stocks and maintenance of crosses, all injury 
assays, all in situ antibody stains, and all confocal microscopy.  I also performed 
secondary in vivo screening of potential viable and lethal mutations that showed 
axon debris clearance, degeneration, or pathfinding phenotypes. I helped find 
and describe the initial characterization of mutant 896, which is a null for dSarm 
and suppresses axon degeneration.  Work on mutant 896 and other suppressors 
of degeneration mutants was carried on by J.M. Osterloh and described in great 
detail in the paper below.  Rachel Hackett, Mary Logan, Jennifer MacDonald, 
Michelle Avery, Jeannette Osterloh, Timothy Rooney, and A. Nicole Fox all 
contributed to the EMS screening work, as well as the primary and secondary 
analysis of mutant phenotypes presented in this appendix. 
 
The following publication related to this screen is published as: 
Osterloh J.M., Yang J., Rooney T.M., Fox A.N., Adalbert R., Powell E.H., 
Sheehan A.E., Avery M.A., Hackett R., Logan M.A., MacDonald J.M., Ziegenfuss 
J.S., Milde S., Hou Y.J., Nathan C., Ding A., Brown R.H. Jr, Conforti L., Coleman 
M., Tessier-Lavigne M., Züchner S., and Freeman M.R.  dSarm/Sarm1 Is 
Required for Activation of an Injury-Induced Axon Death Pathway. Science, 
advance online publication 7 June, 2012 (doi:10.1126/science.1223899) 
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Introduction 
An exceptional strength of Drosophila as a model system is the ability to 
perform powerful, unbiased forward genetic screens to elucidate molecules 
underlying basic biological processes. As mentioned above, the field of 
phagocytosis as it pertains to neuron-glia communication after axonal injury has 
thus far lacked an approach that can quickly and reliably reveal genes in 
degenerating axons necessary for their own engulfment by phagocytes.  
The mouse neuroprotective molecule “Wallerian degeneration slow” (Wlds) 
is a mutant protein that fully blocks the degeneration of severed axons when it is 
expressed in ORNs.  In flies that express Wlds in a subset of ORNs, glia fail to 
recruit to severed axons that are Wlds-positive, yet, glial processes do 
successfully respond to and accumulate around neighboring Wlds-negative 
injured axons, and are able to facilitate their clearance from the CNS (Lunn et al., 
1989; MacDonald et al., 2006). This supports the idea that, Drosophila glia can 
discriminate between degenerating and intact neurons (even if intact neurons are 
severed from the neuron soma), and suggests that injury by itself is not sufficient 
to cell-autonomously “tag” severed axons for recognition by glia. Instead, the 
actual act of fragmentation and degeneration seems to require the presentation 
of an ‘eat-me’ cue, in order for glia to recognize and engulf injured axons due to 
the fact that glia have been shown to accumulate around axon debris without 
actual internalization (Ziegenfuss et al., 2012).  The observation that glial 
processes also extend rapidly toward severed ORN axons through healthy tissue 
200 
 
also suggests that perhaps degenerating axons secrete ‘come-find-me’ diffusible 
cues that actively recruit glia to the site of injury (MacDonald et al., 2006). 
Due to the importance of signals emanating from axons undergoing 
Wallerian degeneration, many studies have tried to illuminate the cues coming 
from injured neurons that communicate with glia, allowing for their own rapid and 
efficient engulfment.  Screens aimed at discovering ligands for glial cells have 
identified many proteins that were initially suggested to be involved in 
degeneration and clearance of injured axons, but which were eventually 
disproven as critical regulators of phagocytosis.  One of those molecules, 
Pretaporter, has been recently suggested to function as a ligand for Draper.  
Pretaporter is an endoplasmic reticulum (ER) associated protein, which in a co-IP 
with induced apoptotic S2 cells, was found to associate with Draper. Pretaporter 
nulls further showed that there was a reduced level of developmental apoptotic 
cell clearance by haemocytes (Kuraishi et al., 2009).  Yet, experiments have not 
been done to definitively show that Pretaporter is required specifically in the 
apoptotic cell, as there is a good chance that Pretaporter could be normally 
associated with endosomal receptors recycling in the phagocyte.  The Draper 
receptor may very well be recycled during its activation, and knocking down 
proteins involved in receptor recycling would therefore have an effect on the 
phagocyte’s ability to recognize and engulf its target. Moreover, several labs 
have failed to observe an in vivo Pretaporter requirement in assays involving the 
Draper receptor, such as with glial engulfment of pruned MB axons in the CNS or 
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autophagy of the larval salivary gland (T. Awasaki, C.K. McPhee, and E.H. 
Baehrecke, unpublished observations). Therefore, it is currently unlikely that 
Pretaporter represents an in vivo ligand for Draper, and therefore the field of “eat 
me and “come get me” cues is still wide open.   Furthermore, cross-species 
literature searches for likely neuronal candidates contributing to glial ability to 
clear degenerating debris has resulted in RNAi and literature-based mutant 
screening which has also lead, unfortunately, to many dead ends. 
In the following work, we utilized the powerful genetic tools available  in 
Drosophila and performed an unbiased forward genetic screen with the aim of 
illuminating not only basic genetic players necessary for axon auto-destruction 
following injury in a Wlds-like manner, but also genes required in the injured axon 
for its eventual engulfment by phagocytosing glia. The identification and 
subsequent analysis of mutants from this screen will most likely prove to be a 
comprehensive, novel, and extremely important study that will shed extensive 
light on the process of axon degeneration and cell corpse phagocytosis in the 
CNS. 
Generation of EMS-induced Mutants 
We have so far generated and tested greater than 2000 ethyl 
methanesulfonate (EMS) mutagenized lines from the initial screen. We chose 
EMS because it is an unbiased mutagen that affects all genes equally, it can 
create a range of alleles from null to hypomorphic, and cloning of EMS-induced 
mutations can often provide useful information regarding protein domain function. 
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At an appropriate dosage in Drosophila, EMS will induce a mutation in any given 
gene once per ~1000 lines screened. By extension, deriving 3000 mutagenized 
lines should generate approximately 3 mutants for a single gene, and therefore 
provide the opportunity to identify multiple alleles.  
We have mutagenized the double FRT, FRT2A, FRT82B, MARCM 
(Mosaic Analysis with a Repressible Cell Marker) 3rd chromosome. This is 
essentially a wild type 3rd chromosome with a flip recombinase target (FRT) site 
at the base of each chromosome arm (3L and 3R). By having FRT sites 
positioned on both chromosome arms, it allows us to make large batches of 
potential mutant fly lines and screen each mutant fly on each chromosome arm 
individually with MARCM ((Figure A.1, see below) in order to determine if the 
phenotype maps to the left or right chromosomal arm. Therefore, this gives us a 
straightforward way to potentially screen through the entire 3rd chromosome 
efficiently.  By generating MARCM mosaics with 3R and 3L we will be able to 
focus our attention and energy precisely to the 3rd chromosome, which has 
significantly reduced our effort in mapping mutations of interest.  
 Our mutagenized chromosomes have been crossed in a way that 
generates an animal with the following genotype: 
OR22a-Gal4, UAS-mCD8::GFP / CyO ; FRT2A,FRT82B*mut / TM3,Sb,e.  
In these animals, OR22a-expressing antennal olfactory receptor axons are 
marked with mCD8::GFP and mutant chromosomes are balanced with the 
TM3,Sb,e balancer chromosome (Figure A.2). 
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Figure A.1: Using the MARCM technique to analyze mutant animals.           
a. Gal-80 fully suppresses Gal-4-induced UAS activity. b. MARCM flies contain 
an inducible UAS-GFP construct; do not have Gal-4/UAS activity before clone 
induction (c) due to presence of Gal-80. c. ey-flp induces recombination at FRT 
sites. Gal-80 is recombined opposite mutations, leading to a subset of clones 
homozygous for the mutation and subsequently become GFP-positive. 
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Figure A.2: Crossing scheme for EMS screening the 3rd chromosome  
See text for details. 
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Predicted Mutant Phenotypic Classes 
Figure A.3 outlines the general phenotypic classes we anticipated from 
this screen. First, we expected to find mutations where axon fragmentation 
occurs, but clearance of axons by glia would be prevented. Potentially, viable 
mutant animals that show this kind of Draper-like phenotype, with persistent 
severed axon debris remaining in the brain, could represent additional novel glial 
genes involved in signaling transduction, like that of Src42A or Shark, or they 
could represent as-yet-unidentified glial membrane receptors able to interact with 
injured neurons.  In our previous work we have provided strong evidence that 
severed axons in the CNS are autonomously tagged for recognition and are 
eventually cleared by phagocytic glial cells. We hypothesize that multiple 
targeting cues, such as a “come find me” cue and "eat me" cue may work to 
activate, attract, and initiate engulfment of degenerating debris by glia. A “come 
find me” cue may act as a ligand for the Draper/Ced-1 receptor, which mediates 
the activation and recruitment of glial membranes to severed ORN axons 
(Doherty et al., 2009; Logan et al., 2012; MacDonald et al., 2006; Ziegenfuss et 
al., 2008).  An “eat me” cue may consist of a ligand for an unknown MOM-5/BaI1-
like glial receptor upstream of the Crk/Mbc/dCed-12 complex, which mediates the 
phagocytosis and clearance of degenerating axon debris once glia are poised at 
the site of injury (Ziegenfuss et al., 2012). Based on these data, we predict that a 
number of mutants will likely be identified that block the transmission of these 
signals to glia,  
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Figure A.3: Predicted phenotypic classes from the 3rd chromosome EMS 
screen. See text for details. 
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and the analysis of this exciting class of mutants will shed new light on how 
severed axons signal to surrounding glial cells for their clearance from the CNS.  
Furthermore, we expected to find either viable or lethal mutations that 
work cell-autonomously in neurons to block axon degeneration and phenocopy 
Wlds flies. These mutants will be of interest because they would likely affect 
genes required for the initiation or execution of Wallerian degeneration, a highly 
studied but poorly understood area of research.  
Screening Viable Mutant Chromosomes for Defects in Axon Debris 
Clearance 
Many established mutant stocks in our EMS collection had mutations that 
allowed flies to be homozygous viable to adulthood. Since ORN axons would be 
marked in this mutant background with GFP, we simply grew adult flies and 
ablated a single antennal segment, thereby completely severing ORN axons on 
that side, and scored the persistence of axonal debris 7 days after injury as 
compared to the contralateral, uninjured side. Scoring occurred after 7 days was 
used because this was the shortest period of time when all degenerated axon 
debris in wild-type animals was observed to be completely cleared from the CNS.  
Any mutants that showed GFP+ axonal material within olfactory glomeruli in the 
CNS 7 days after injury were retained for secondary screening (see below). 
These mutants potentially represent genes required in either glia or neurons 
necessary for axon debris clearance. Further screening, as explained below, 
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determined if the mutation affecting clearance (or degeneration) was functioning 
in neuron axons or glial cells. 
Screening Lethal Mutant Chromosomes for Defects in Axon Debris 
Clearance 
Chromosomes bearing lethal mutations were screened using the MARCM 
approach (Figure A.1). MARCM is a very useful technique that produces 
homozygous mutant, GFP+ clones in Drosophila cells, while combining both 
Gal4/UAS and flp/FRT approaches (Lee and Luo, 1999, 2001).  Gal4 driver lines 
normally activate UAS-driven transgenes (e.g. OR-22a-Gal4, UAS-mCD8::GFP 
makes OR22a-expressing neurons GFP+). If tubulin-Gal80 (tub-Gal80), a potent 
suppressor or Gal4 activity, is present (for example, in all cells prior to clone 
induction), it will act throughout the cell wherever the β-tubulin promoter is 
expressed.  Even one copy of Gal80 will fully repress any Gal4/UAS activity in 
the cell (Figure A.1a). In order to induce GFP+ cell clones, and produce 
homozygous mutant axons, tub-Gal80 must be recombined opposite the 
mutation of interest, because only homozygous mutant clones where tub-Gal80 
is absent will allow Gal4/UAS to be active (Figure A.1b,c). In this way, 
homozygous mutant clones are marked with GFP and can be assayed in a 
background where the surrounding heterozygous or wild-type cells are not GFP+ 
(Figure A.1c). Importantly, the eyeless-flipase (ey-flp) element was used for 
clone induction, as the eyeless promoter is expressed specifically in the early 
development of the eye and antennal imaginal disc, which gives rise to all ORNs 
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in the adult olfactory system (Jefferis et al., 2004). Using ey-flp allowed a single 
cross to produce adult flies with large populations of neuronal clones in the 
antennal lobe. Additionally, clone induction was extremely efficient, as about 
100% of assayed brains showed large numbers of GFP+ OR22a axons.   
The crossing scheme for the screen is outlined in Figure A.2. Since 
clones can only be induced on one chromosome arm at a time, we had to 
analyze each potentially mutant fly stock with two rounds of crosses: once with 
FRT2A on the left chromosomal arm, and then with FRT82B on the right arm. 
Axon injury was performed and analysis of GFP+ axon debris persistence was 
assayed 7 days after injury as described above. Mutants with GFP+ axons 
remaining 7 days after injury were kept for secondary screening.   
Secondary Screening Measures for Homozygous Viable Mutants that 
Suppress Degeneration or Debris Clearance 
Since clones in neurons were not generated in viable homozygous mutant 
animals that showed an axon clearance defect, there is the question whether the 
underlying phenotype is because of a defect in the neuron or the glial cells. 
Fortunately, all of these mutants are on a MARCM chromosome with either 
FRT2A or FRT82B, and we have or will perform MARCM crosses to determine 
the autonomy of the phenotype (testing each of the two chromosome arms in 
MARCM crosses as shown in Figure A.2). For example, if we generate GFP+ 
clones in OR22a+ axons and find that this is sufficient to suppress axon 
degeneration or clearance, it will indicate that the gene affected by this mutation 
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is acting in neurons. In contrast, if we generate GFP+ clones in OR22a+ axons 
and find that the phenotype does not phenocopy in neurons, this would suggest 
that the clearance/degeneration phenotype observed in viable animals would be 
glial in origin. These mutants have been made available to other members of the 
Freeman lab that study glia engulfment functions and glia-neuron communication 
for further study and characterization. 
Secondary Screening Measures for MARCM Mutants that Autonomously 
Suppress Degeneration or Debris Clearance in Neurons 
Two key secondary screens for this mutant class were performed to 
determine: 
(1) whether ORN axons develop normally from homozygous mutant neurons, 
and  (2) whether the contralateral uninjured ORN axons (internal control) 
spontaneously degenerate when homozygous mutant.  The first question is 
necessary because any gene affecting ORN axon development would fail to 
generate GFP+ ORN clones, and therefore constitute a false-negative because 
our primary assay is for the persistence of GFP+ ORN axonal material. To 
address this concern, all mutant brains were scored for potential ORN axon 
development abnormalities. The second question is important because a number 
of mutations could affect axon integrity in the absence of injury and result in 
premature degeneration.  This spontaneous degeneration would contribute to 
false-positive hits from the primary screen because axon destabilization could 
occur due to non-specific processes independent of degeneration-specific 
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pathways. Mutations that cause this type of spontaneous axon degeneration 
have not been identified yet, but will be pursued by other Freeman lab members 
if they appear. We prioritized the secondary analysis of mutations where ORN 
axons form normally, do not spontaneously degenerate in the absence of injury, 
and either failed to be cleared from the CNS or degenerate after injury.  
Our initial secondary screening consisted of re-testing interesting mutants, 
determining phenotypic penetrance, establishing complementation groups, and 
determining the strength of the phenotype observed (Table A.1).  
We prioritized the analysis of mutants using the following criteria:  
(1) How striking is the phenotype? Mutations in the neuron that powerfully 
suppressed clearance of axon debris or the act of degeneration are of the 
highest priority, even if we only end up with a single allele, because these 
mutants are probably affecting key genes involved in communication with glia 
(and could represent the elusive “eat me” cue), or are essential for the process of 
Wallerian degeneration.  
(2) Do we have multiple mutant alleles contributing to the same 
phenotype?  We have or are currently performing crosses to establish 
complementation groups for all mutants. For homozygous viable mutants we are 
assaying the complementation for axon clearance phenotypes. For lethal 
mutations of the same phenotypic class, we assayed the failure to complement 
lethality. 
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Table A.1: List of mutant hits found in the 3rd chromosome EMS screen 
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For the most interesting mutants, we have or are in the process of 
mapping mutant phenotypes using the Drosophila mini-chromosome deficiency 
kit from Exelixis. This is a collection of chromosomal deletions where the 
breakpoints have been molecularly defined, and each deletion line removes 
about 20-30 unique genes (Parks et al., 2004). This collection provides deletion 
reagents for ~56% of the genes in the Drosophila genome. There are 222 third 
chromosome deletion lines (estimated to delete ~68% of genes on this 
chromosome). Since we will know which chromosome arm each of these 
mutants maps to (3R or 3L), we will only have to perform mapping studies with 
one of the two chromosome arms. For lethal mutants, we will assay for failure to 
complement lethality.  If we find that a particular deletion fails to complement for 
a clearance/degenerative defect or lethal phenotype, we will then narrow our 
focus to a small number of candidate genes listed that are deleted in that line 
from the Bloomington Drosophila Stock Center's online database. Finer mapping 
can be accomplished by using additional partially overlapping deficiencies.  
(3) What is the individual gene that is responsible for the observed axon 
degeneration or clearance phenotype?  To identify the gene affecting 
degeneration or axon clearance, we will send our interesting mutants to Stephan 
Züchner (Hussman Institute for Human Genetics, University of Miami Miller 
School of Medicine, Miami, Florida), an expert in using state-of-the-art 
techniques for deep sequencing.  For sequencing purposes, having multiple 
alleles of a gene dramatically increases chances for identification of the affected 
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gene (i.e. finding a mutation in the same gene in two independently identified 
alleles provides strong evidence that the correct gene was identified).  We will 
send S. Züchner extracted genomic DNA from interesting mutants which will be 
used to compare to the control fly line’s genomic DNA used in the original EMS 
mutagenesis (Figure A.2, top). If we successfully identify mutations in a gene of 
interest we will confirm that this is the correct gene by driving a UAS-regulated 
copy of its cDNA in ORNs and assaying phenotype rescue. 
Screening Results 
Since Wallerian degeneration and clearance of neuronal debris in the 
adult CNS have never been the subject of forward genetic screens, we were 
pleasantly surprised to have already identified a wealth of exciting new mutants 
affecting these processes. The characterization of these mutants will hopefully 
elucidate important details underlying the biology of Wallerian degeneration and 
neuron-glia communication during clearance of axon debris.  
Among the many interesting mutants identified in the primary screen, we 
have identified mutations that autonomously block axon fragmentation, that act in 
neurons to allow fragmentation but prevent clearance, that act outside neurons 
(i.e. in glia) to prevent clearance of fragmented axons, and surprisingly, several 
that act in neurons to allow for proper ORN development but cause severe 
axonal pathfinding defects (Table A.1).  Examples of these observed phenotypes 
are shown in Figure A.4, and the observed range in phenotypic strength from 
weak to strong could represent hypomorphic and null mutant alleles. Since  
215 
 
 
Figure A.4: Examples of mutant phenotypes found in the 3rd chromosome 
screen. a. Example of a control animal where clones are made on both sides of 
the antennal lobe and axons degenerate and are cleared fully within 7 days after 
unilateral (left side) axotomy. Axons on the right side were left in-tact until brain 
dissection. b. Example of a homozygous viable mutant animal exhibiting an axon 
clearance defect 7 days after unilateral axotomy. c. Examples of observed 
phenotypic classes in lethal mutant animals in which MARCM was used to 
produce homozygous GFP-positive mutant neurons and axons.  Phenotypes 
were assessed 7 days after unilateral axotomy, as the control in (a). 
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multiple mutants in the same phenotypic class were found to be localized on the 
same chromosomal arm, complementation crosses are currently being 
performed with these mutants in hopes of indentifying multiple mutant alleles of 
the same gene. Subsequent molecular cloning of the genes affected in these 
mutants will provide very exciting new insights into how glia might recognize 
axon-destruction cues, as well as how axons undergo auto-destruction and 
signal for efficient clearance by glia. 
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